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SECTION 1 

INTRODUCTION 

The California Institute of Technology Jet Propulsion Laboratory (JPL) has con- 
tracted Beckman Instruments, Inc. (Contract No. 952673) to perform an optical 
ray trace analysis of an infrared multidetector spectrometer which has been 
designed for a Nimbus "F" experiment. 
is to delineate optimal optical design modifications to the four major parts 

of the spectrometer: 
Scanning Mirror, and Radiation Cooling Shields for the Detectors. 

The purpose of this ray trace analysis 

the Monochromator, Detector Foreoptics, Telescope and 

The final monochromator optical design which is presented in this report is 
based heavily on the monochromator design for a proposed Mars fly-by spectrom- 
eter. The optical ray.trace analysis for that monochromator and its telescope 
was performed in 1964 by Henderson (l), and Henderson and Zerucha ( 2 ) ,  ( 3 ) ,  and 
that instrument was constructed at JPL; Schaper and La Porte (4) and Schaper (5), 
and successfully tested in a balloon flight in 1967; Shaw, McClatchey, and 

Schaper (6), and again in 1969 McClatchey and Shaw (7). 

The final monochromator design detailed in this report differs from the Mars 
fly-by monochromator in the following respects: 

1. The angular offset of the grating normal from the collimating mirror 
axis is now 26' rather than 30'. 

2. The new grating constant is 210 l/mm rather than 240 l/mm. 

3.  A dimensionally wider spectral image surface is now provided for the 
detectors, the new width being 7 inches. Similarly, a dimentionally 
wider collimating mirror is required. The used width of the new 
collimating mirror, not including supporting areas, is 8.75 inches. 

- 1- 



4 .  Two entrance s l i t s  are now used r a t h e r  than one. I n  addi t ion ,  these  

two s l i t s  a re  curved i n  t h e  d i r e c t i o n  of t he  o p t i c a l  ax is  s o  t h e i r  

s p e c t r a l  images match the  curved edges formed by the  in t e r sec t ion  of 

the  f ron t  sphe r i ca l  surface of each detector  lens  with the  rectangular 

body of the  l ens .  

The computer r ay  t r a c e  analyses which have been performed fo r  t h i s  study are 

purely mathematical model-building procedures. The monochromator and i t s  mul- 

t i p l e  de tec tor  system a r e  very complex and r equ i r e  t h e  ana lys i s  of hundreds of 

o p t i c a l  images i n  reaching an optimal design. 

image surface i s  defined i n  t h i s  r epor t  by 180 separate  images, each formed by 

100 rays ,  f o r  a t o t a l  of 18,000 rays.  Each of these  180 images is  fu r the r  

described i n  numerical t ab l e s  by s i x  parameters. 

a r e  used i n  t h i s  repor t  t o  descr ibe the  f i n a l  s p e c t r a l  image surface.  

the  de tec tor  foreopt ics  and the  detector  locations are defined by 45 images of 

25 rays each, and each of these  images i s  described by seven parameters. 

The f i n a l  monochromator s p e c t r a l  

So, 1080 numerical values 

S imi la r ly ,  

The many preliminary ray traces t h a t  were performed t o  reach the  f i n a l  optimal 

design demanded a comparative ana lys i s  of thousands of numerical values. For 

t h i s  reason, the  major engineering information of t h i s  repor t  i s  found i n  i t s  

many numerical t ab l e s .  The Figures t h a t  a r e  presented i n  t h i s  repor t  have 

generally been developed d i r e c t l y  from the  numerical t ab l e s .  

All dimensions i n  t h i s  r epor t  a r e  i n  inches unless 
otherwise spec i f ied .  

-2- 



SECTION 2 

FINAL PERFORMANCE REQUIREMENTS 

The goal of the  o p t i c a l  analysis  presented i n  t h i s  repor t  has been t o  f ind  the 

optimal design fo r  a mult idetector  gra t ing  spectrometer capable of the following 

performance cha rac t e r i s t i c s :  

1. The f i n a l  monochromator design from t h i s  study i s  similar t o  

the  monochromator described i n  the Phase I1 Fina l  Report (2),  JPL 
Contract 950880. The spec i f ied  wavelength range a t  the beginning of 

t h i s  study was 3.5 p t o  6 . 5  p with a resolving power, A x  = 100 a t  

4.3 p.. 

a t  the preliminary design review meeting t o  maximize the s p e c t r a l  

image spread. This permits the  use of wider s l i t s ,  r e su l t i ng  i n  a 

g rea t e r  rad ian t  through-put. 

The wavelength range, however, w a s  reduced t o  3.7 p t o  6.0 p 

2. This op t i ca l  study is  t o  develop a p r a c t i c a l  method for  each detector  

a t  the s p e c t r a l  image sur face  t o  receive the rad ian t  f l ux  from two 

separate  s p e c t r a l  bands on a rec iproca l  t i m e  bas i s .  The numerical 

difference between the c e n t r a l  wavelengths f o r  these two s p e c t r a l  

bands is t o  be 1 / 2 ,  1 -1 /2 ,  o r  2-1/2, e t c .  s p e c t r a l  bandwidths. 

course, only one of these numerical d i f fe rence  coe f f i c i en t s  i s  t o  be 

used i n  the f i n a l  design. 

Of 

3 .  The de tec tor  foreopt ics  were designed t o  give a maximum s p e c t r a l  

rad ian t  through-put t o  the  de tec tor ,  with a minimum of s t r a y  l i g h t .  

4 .  A te lescope w i l l  have a foca l  length of roughly 10 inches, and w i l l  

form an ea r th  image on the entrance s l i t s .  

t o  be physical ly  folded with an addi t iona l  mirror t o  f i t  wi thin the  

spectrometer 's  allowable dimensions. 

This telescope needs 

-3- 



5. A field-of-view scanning mirror must be provided which permits the 
telescope to scan the earth through +22" at right-angles to the Nimbus 
orbit. The same scanning mirror must rotate to a position where the 
telescope can view space. 

6. The radiation cooling shield for cooling the detectors must receive 
the minimum possible radiation from both the earth and the Nimbus 
structure at all times. 

7. Four or five individual detectors with a 4 p to 5 ~1 bandwidth sensi- 
tivity must continuously view separate but equal parts of the 
field-of-view. Their total field-of-view coverage should be the full 
field-of-view of the monochromator. 

8. The maximum allowable spectrometer size is shown in Figure 1, and its 
weight should not be much greater than 15 pounds. 

-4 -  



Cold Sh ie ld  I I I 

+ 2 2 O  Earth Scan Angle w 
Figure 1. Spectrometer Overall Dimensions and 

Location on Nimbus Ring 
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SECTION 3 

MONOCHROMATOR 

The optical analysis of the monochromator is presented first in this report 
since it is the heart of the spectrometer system. Before the detector fore- 
optics, the telescope system, or the radiant cooling shield could be properly 
designed, it was necessary to completely finalize the monochromator design. 

The monochromator consists of only the entrance slits, grating, collimating 
mirror, and spectral image surface. 
chromator use the axis systems which are shown as a three-view drawing in 
Figure 2. 
inches. The ray trace program requires that each optical surface be in a 
separate axis system, and that each axis system be defined geometrically, 
relative to its previous axis system. 

All the optical ray traces for the mono- 

The dimensions between the origins of these axis systems are in 

All the monochromator ray traces commence with the entrance slits which are in 
the (Xo, Yo, Zo) axis system. The rays are then traced, in turn, to the para- 
boloid collimator mirror in the (X1, Y19 Z1) axis system; the diffraction 
grating in the (XZ' Y2, Z2) axis system; the Y3-Z3 plane of the (X3, Y3, Z3) 
axis system which is a mathematical facility; the collimating mirror again in 
the (X4, Y4, Z4) axis system; and finally the spectral image plane in the 
(Xs9 Ys, Z ) axis system. 5 

All the monochromator axis systems have the same angular orientation except the 

grating axis system, (X2, Y2, 22). The grating normal which is parallel to the 
X2-axis is displaced through the angle (Y2, as shown in Figure 2. 
diffracted from the grating at any angles between +90° from the grating normal. 
The actual diffraction angle is in part determined by a computer input value, 
W, where 

Rays may be 
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W Nxk 
1000 (dimensionless) 

where N = f grating order 

h = wavelength of light in p 
k = grating constant in lines/rmn 

The monochromator has been ray-traced for a number of input W values, but N, A, 

and k are never computer inputs. This gives generalized optical performance 
for the monochromator as a function of only W and the grating angle cy 
the same ray-traced monochromator performance can be utilized for any wave- 
length region by selecting the proper N, X ,  and k from equation (1). 
shows the graphical solution of equation (l), giving h vs. W for a number of 
commercially available grating constants, k. 

Thus, 2 ’  

Figure 3 

N = 1 for Figure 3. 

Z ) axis system 2’  y 2 J  2 The (X3, Y3, Z3) axis system has the same origin as the (X 
of the grating. 
collimating mirror axis. 
defining mathematically the (X4, Y4, Z4) axis system of the collimating mirror 
relative to the (X2, Y2, Z2) axis system of the grating. 

The X3-axis is, however, rotated back to coincidence with the 
The (XgY Y3, Z ) axis system is used to facilitate 3 

Z ) axis system, and 1’ yl’ 1 The same collimating mirror is used in both the (X 
the (X4, Y 4 ,  Z 4 )  axis system. 

Z ) axis system. and will generally be referred to as the (X1,4, 
Multiple subscripts are also used on a single axis in Figure 2, when all the 
axes with those subscripts are coincident in that view. 

These two axis systems (Figure 2) are identical 

‘1,4’ 1,4 

Z ) axis system. In its 5’ y5’ 5 The spectral image surface is defined by the (X 
simplest form, the spectral image surface can probably best be described as the 
locus of the focal points for all ray starting points on any line segment or on 
one edge of a slit in the (X 
in the prescribed wavelength range. When astigmatic images are involved, as is 
nearly always the case for a reflective monochromator, the focus condition 
selected is the one which minimizes the optical aberrations measured in the 

Z ) axis system and for all wavelengths with- 
0’ yoj 0 
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Figure 3, Plot of h vs. W for Commercial Gratings 
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d i rec t ion  of wavelength d ispers ion ,  

surface represents  the  sharpes t  images of one edge of an entrance s l i t  for  a l l  

appl icable  wavelengths. 

create a separate  s p e c t r a l  image surface.  

s l i ts ,  separa te  s p e c t r a l  image surfaces  a r e  created f o r  each s l i t  edge. 

This descr ip t ion  says t h a t  a s p e c t r a l  image 

The other  edge of t he  same entrance s l i t  must then 

Simi la r ly  fo r  mult iple  entrance 

The f i n a l  monochromator design which is described i n  t h i s  repor t  has four highly 

i r r egu la r  s p e c t r a l  image surfaces  represent ing the separate  edges of two entrance 

s l i ts .  The major ray trace e f f o r t  of t h i s  cont rac t  has been devoted t o  f inding 

t h e  entrance s l i t  shapes which optimize these  four s p e c t r a l  image surfaces ,  and 

thus produce the bes t  poss ib le  s p e c t r a l  reso lu t ion  a t  each de tec tor .  

1. MONOCHROMATOR RAY TRACE PROCEDURES 

The following s teps  are used t o  t r ace  rays from the  entrance s l i t s  t o  the 

s p e c t r a l  image surface,  and determine the  three-dimensional centroids  f o r  each 

focus so produced: 

a. 

b e  

C. 

d. 

The entrance s l i t s  are represented by a s u f f i c i e n t  number of d i s c r e t e  

ray s t a r t i n g  poin ts  which a r e  se lec ted  i n  the (X 0 9  ' 0 9  Z 0 ) axis  system. 

One hundred rays are t raced from each of these s t a r t i n g  poin ts  t o  the  

d i f f r a c t i o n  grat ing.  

The rays i n  each family of 100 rays ,  commencing from a s ingle  point  

on the  entrance s l i t ,  a r e  so d i rec ted  from t h e i r  s t a r t i n g  poin t  t h a t  

every 100-ray family i n t e r s e c t s  t h e  d i f f r a c t i o n  gra t ing  ruled surface 

( the  Y2-Z2 plane) i n  the same uniform 10 x 10 rectangular  a r ray  which 

accurately matches the  boundaries of the gra t ing  ruled area.  The 

g ra t ing  ruled area thus becomes the  aperture  s top  of the  monochromator. 

A t  t he  d i f f r a c t i o n  gra t ing ,  each of the  100-ray famil ies  from a 

separa te  entrance s l i t  s t a r t i n g  poin t  w i l l  be d i f f r ac t ed  from the 

g ra t ing  a t  a la rge  number of d i f f e r e n t  d i f f r a c t i o n  angles,  where 

each d i f f r a c t i o n  angle depends on the input W value. Thus, the  

-10- 



number of d i f f r ac t ed  100-ray famil ies  has increased by the product of 

the  number of ray s t a r t i n g  poin ts  and the  number of W values.  

e. Each d i f f r ac t ed  100-ray family has a bes t  focus a t  some locat ion i n  

the  (X5, Y g 9  Z5) axis system. This bes t  focus locat ion depends on 

both the  W value used fo r  the d i f f r a c t i o n  gra t ing  and the  locat ion 

of the  s t a r t i n g  poin t  f o r  i t s  100 rays i n  the  (Xo, Yo, Zo) axis 

system. The computer determines the  bes t  focus locat ion fo r  each 

d i f f r ac t ed  100-ray family by moving the  o r ig in  of the (X5, Y5, Zs) 

axis system along i t s  own X5-axis u n t i l  the  best-focus condition 

e x i s t s  on the  Y5-Z5 plane. 

100-ray in t e r sec t ion  with the  Y5-Z5 plane when t h e i r  t o t a l  l e a s t  

square deviat ion from the  Z5 centroid measured i n  the  d i r ec t ion  of 

dispers ion ( the  Z5 d i rec t ion)  i s  a minimum. 

The computer def ines  a bes t  focus fo r  a 

f .  Once t h e  computer has found the  bes t  image fo r  a 100-ray family, the 

computer ca lcu la tes  and p r i n t s  out  the following information about 

the  image: 

1. The X4 coordinate of t he  o r i g i n  of the (X5, Y5, Z5) ax i s  system. 

This i s  the  dis tance of the  Y5-Z5 plane from the  coll imating 

mirror,  and w i l l  general ly  be re fer red  t o  as a5. 

2 .  The Y5 coordinate of t h e  Y5 centroid fo r  the  100-ray image. 

3.  The 2 coordinate of t he  Z centroid fo r  the  100-ray image. 
5 5 

4. The Y5 spread o r  numerical d i f fe rence  between the  smallest  and 

l a rges t  Y5 values fo r  a 100-ray image, ca l led  AY5'  

5. The Y5 spread o r  numerical d i f fe rence  between the  smallest  and 

l a rges t  Y5 values f o r  the  80 rays having the smallest deviat ion 

from the  centroid Y5, c a l l ed  80% AY5. 

6, The Z5 spread o r  numerical d i f fe rence  between the  smallest  and 

l a rges t  Z5 values fo r  a 100-ray image, ca l led  A Z 5 .  
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7. The Z 5  spread or numerical difference between the smallest and 
largest Z 5  values for the 80 rays having the smallest deviation 
from the Z5 centroid, called 80% A Z 5 *  

By using these ray-trace procedures, the exact three-dimensional location of 
the centroid for the best focus can be determined for any combinations of 
entrance slit starting point location and diffracting grating W value. 
final monochromator design analysis which will be described in this report 
utilized all combinations of nine different W values and 20 entrance slit 
starting points. 
definition of the spectral image surface relative to the desired wavelength 
range . 

The 

The specific nine W values were selected to give good 

The monochromator axis systems which are shown in Figure 2 and which are used 
for all ray traces are rigorously defined in Table 1. 
dimensional parameters which are used to transform to successive axis systems 

are given in Table 2.  . 

The definitions for the 

2 .  SELECTING GRATING OFFSET ANGLE AND GRATING CONSTANT 

At 
grating offset angle, Q2,  and the grating constant, k, should be. 
therefore, necessary to perform a preliminary study of the spectral image 
surface characteristics for several different grating offset angles. The 
first preliminary ray traces used only nine rays from one starting point in 
the (Xo, Yo, Zo) axis system, and ray-traced the monochromator for all combi- 
nations of nine W values and three different grating offset angles: 

the beginning of the monochromator study, it was not obvious what the 
It was, 

= 25', 30°, and 35' "2 

These preliminary ray traces showed that reasonably desirable wavelength 
positioning was obtained on the spectral image surface for the 3.5 ~1 to 6.5 ~1 

wavelength range for cu2 = 25' and 30°, but not for 35'. 
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Table 1, Definitions for the Monochromator Axis Systems 

ENTRANCE SLITS--The two entrance slits do not lie in any 
plane, so they are defined by three-dimensional coordinates 
in the (Xo, Yo, Zo) system. 

PARABOLOID COLLIMATING MIRROR--These two axis systems are 
identical and will generally be referred to as the 
 XI,^, Y1,4, Z1,4) axis system, 
collimating mirror is tangential to the Y1,4-Zly4 plane at 
the origin of the (X1,4, Y1,4, Z1 4) axis system. 
of the paraboloid collimating mirror is located on the 
negative X 

The apex of the paraboloid 

The focus 
Y 

1 ,4-axis = 

DIFFRACTION GMTING--The ruled surface of the grating is in 
the Y2-Z2 plane, and the grating rulings are parallel to the 
Y2-axis e 

MATHEMATICAL AXIS SYSTEM--This axis system has the same 
origin as the (X2, Y2, Z2) axis system, and is used only 
as a mathematical aid. 

SPECTRAL IMAGE SURFACES--These are the spectral images of the 
entrance slit edges in the (X5, Z ) axis system. y59 5 
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Table 2 .  Definitions for the Dimensional Parameters Which are Used to 
Specify the Linear and Rotational Transformations to 
Successive Axis Systems. 

a n 

bn 

C n 

The G - 1  coordinate for the origin of the (G, Yn, Zn) axis system 
in the (Xn-19 Yn-19 Zn-l) axis system. 

The Zn_l coordinate for the origin of the (G, Yn, Zn) axis system 
measured in the (Xn-l, Ynml, ) axis system. 'n-1 

The angular displacement of the X, axis from the Xn_l axis measured 
in the Xn,l-Zn-l plane. This angle is positive when the X, axis is 
moved toward the positive Zn,l axis, and negative when moved toward 
the negative Zn,l axis. 

The angular displacement of the G axis from the q - 1  axis measured 
in the Xn-1-Yn-1 plane, This angle is positive when the Xn axis is 
moved toward the positive Yn-l axis, and negative when moved toward 
the negative Yn_l axis, 

The angular displacement of the Zn axis from the Zn,l axis measured 
in the Yn,l-Zn,l plane. This angle is positive when the Z, axis is 
moved toward the positive Yn,l axis, and negative when moved toward 
the negative Yn-l axis. 
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Next, more precise ray traces were performed for the 25" and 30" grating offset 

angles using 100-ray families from four starting points in the (X 0 9  ' 0 9  Z o ) axis 
system. 
represent was tilted from parallelism with the Yo-axis in order to obtain a 
spectral image of this line in the (X 
nearly parallel to the Y -axis as possible for all nine W values. 5 
repeat ray traces were required while changing the locations of the four 

Z ) axis system until the best image was found starting points in the (X 
5, Y5, Z ) axis system. The final four starting point coordinates in in the (X 

the (Xo, Yo, Zo) axis system for both the 25" and 30" grating offset angles 
are shown in Figure 4 .  

These four starting points were essentially in a line. The line they 

Z ) axis system, which is as 
5 9  y59 5 

Several 

0 9  '09 o 

5 

Tables 3 and 4 give, respectively, the monochromator dimensional parameters 
and the ray starting points for the 25" grating offset, and Tables 5 and 6 

give, respectively, the monochromator dimensional parameters and the ray 
starting points for the 30" grating offset. 
of the four corners of.the grating ruled area in the (X2, Y2, Z ) axis system. 
These corners are titled G1, G2, G3, and (3-4, respectively. 
grating is titled G5. Both monochromators were ray-traced for the following 
W values: .6, . 7 ,  .8, .85, .9,  1.0, 1.1, 1.2, and 1.3. 

Table 7 lists the coordinates 

The center of the 

Figure 5 is a composite graph showing the magnitude of the optical aberrations 
on the spectral image surface for both the 25" and 30" grating offsets, 
types of aberration measurements are shown. These are: 

Two 

5 1. The maximum Z spread for each 100-ray family,AZ 5 

2, The Z 

which have the smallest deviation from the Z5 centroid, 80% AZ 
spread represented by the 80 rays of each 100-ray family, 5 

5'  

Both types of aberration measurements are shown in Figure 5 for ray starting 
points A'l, A"1, A ' 4 ,  and A"4 for both the 25' and 30" grating offsets. 

There is little difference in aberrations for the 25" and 30" grating offsets, 
as shown in Figure 5. Further, over much of the spectral image surface, the 
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Table 3, Dimensional Parameters for the Preliminary Monochromator 
Using a 25' Grating Offset 

a 

lo .o 

- 9.0 
0 

9 e o  

Determined 

Automatic 
Focus 

by 

C 

2 e 0  

0 

0 

0 

2 .o 

- 
Y - 
0 

0 

0 

0 

0 

Table 4 .  Four Ray Starting Points for the Preliminary Monochromator 
Using a 25' Grating Offset 
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Table 5. Dimensional Parameters for the Preliminary Monochromator 
Using a 30" Grating Offset, 

a 

10 .o 
- 9,0 

0 

9 00 
Determined 

by 
Automat ic 
Focus 

C 

2 .o 
0 

0 

0 

2 .o 

Q B 
0 0 

30" 0 

-30" 0 

0 0 

0 0 I 
Table 6. Four Ray Starting Points for the Preliminary Monochromator 

Using a 30" Grating Offset. 

tart ing F Points tart ing F Points 
A"1 
A"2 
A"3 

A"4 

066 

0 

- .071 
- .155 

I yo I zo I 
.200 .044 

0 0 

- .200 - .049 

I - . lo3  I -,400 - . lo3  

Table 7. The Coordinator of the Four Corners of the Grating Ruled Area 

G4 0 

I I 

-1.3% I 1.59 
I 
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A ' l  and A"1 s t a r t i n g  poin ts  give near ly  the  same s i z e  aberrat ions as  the  A ' 4  

and A"4 s t a r t i n g  poin ts ,  O f  course, t h i s  i s  no longer t rue  a t  la rge ,  negative 

Z5 coordinates 

A t  the  top of Figure 5 a re  shown the  Z5 coordinates fo r  the respect ive W values 

used t o  ray- t race the  25".and 30" gra t ing  o f f s e t  monochromators. Bes ides  the 

W value scales, a number of wavelength sca les  t h a t  apply fo r  commercially 

ava i lab le  gra t ing  constants a r e  shorn, 

the ray-traced values of Z5 were p lo t ted  against  the  inputW values for  the 

corresponding 25' and 30" gra t ing  o f f se t s ,  as shown i n  Figure 6 .  

represented by a given wavelength, X,  and gra t ing  constant,  k, was found by 

solving 

In  determining these wavelength sca les ,  

The W value 

where N = 1 hk w - -  
hk 1000 

or  by r e f e r r i n g  t o  Figure 3 ,  

given h and k from Figure 

coordinates f o r  the  given A, k, and gra t ing  o f f s e t  angles as  shown a t  the top 

of Figure 5. 

The proper Z5 coordinate i s  then found fo r  the 

using W h&e Table 8 a l so  shows the  same Z5 

Figure 5 and Table 8 give considerable information fo r  se lec t ing  the bes t  g ra t ing  

o f f s e t  angle and the bes t  g ra t ing  constant ,  

Table 8 show the t r u e  width of the s p e c t r a l  image surface i n  inches for  any 

given wavelength range, Further ,  the col l imat ing mirror  o p t i c a l  width must  

be approximate y two inches wider than the  spec t r a l  image surface t o  prevent 

ray  vignet t ing,  

Wavelength sca les  i n  Figure 5 and 

This says t h a t  i f  the width of t he  monochromator enclosure i s  t o  be held below 

10 inches, then the o p t i c a l  width of the coll imating mirror should not be much 

grea te r  than 9 t o  9,5 inches,  The s p e c t r a l  image surface width should then be 

no grea te r  than 7 t o  7,5 inches,  
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During these preliminary monochromator s tud ie s ,  the expected wavelength range 

was 3,5 p t o  6.5 p. 

range a re  l i s t e d  i n  Table 9,  along with the  expected o p t i c a l  width of the 

coll imating mirror  

The s p e c t r a l  image sur face  widths f o r  t h i s  wavelength 

Table 9. Spec t ra l  Image Surface Width and Opt ica l  Width of 
Collimating Mirror fo r  Various Grating Constants, and 
f o r  25" and 30" Grating Offsets .  
i n  a l l  Cases i s  3,5 p t o  6.5 p e  

The Wavelength Range 

The only acceptable o p t i c a l  widths fo r  t h e  coll imating mirror shown i n  Table 9 

are fo r  the  180 l / m m  g ra t ing  used a t  a 25" o f f s e t  angle and the  200 l / m m  

gra t ing  used a t  a 30" o f f s e t  angle,  

cases the  4.3 IJ. region l ies  w e l l  t o  the  r i g h t  of the minimum aber ra t ion  region 

which is near Z5 = -,50. 

Figure 5 shows t h a t  i n  both of these 

Based upon t h e  preliminary monochromator design information which i s  summarized 

i n  Figure 5 and Tables 8 and 9 ,  the  experimenter f o r  t h i s  Nimbus "F" experiment 

modified the monochromator f i n a l  performance spec i f i ca t ions  as  follows: 
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1, The new wavelength range i s  t o  be 3,7 p t o  6 . 0  K. 

2. The 4 - 3  p s p e c t r a l  image i s  t o  be located roughly a t  Z5 = -.50, 

where the  aber ra t ions  a re  a minimum, 

This reduced wavelength range i s  s u f f i c i e n t  fo r  the  Nimbus "F" experiment, and 

y e t  i t  permits a g rea t e r  l i n e a r  dispers ion on the s p e c t r a l  image surface.  

means wider entrance s l i t s  can be used t o  give a higher rad ian t  through-put. 

Further,  the  4 . 3  p spec t r a l  image i s  t o  be formed a t  o r  near Z5 = -.50, which 

i s  the loca t ion  on the  s p e c t r a l  image surface having minimum aberrat ions.  

dozen o r  more adjacent de tec tors  w i l l  be located on the s p e c t r a l  image surface 

t o  define the  CO2 band about 4 . 3  p e  It i s  des i rab le  f o r  these detectors  t o  

encounter the smallest aberrat ions possible ,  so the  aberrat ions w i l l  have a 

minimal e f f e c t  on the  s p e c t r a l  response function of each detector .  

This 

A 

It i s  obvious from Figure 5 and Table 8 t h a t  ne i the r  t he  25" nor 30" gra t ing  

o f f se t s  a r e  proper fo r  these new spec i f ica t ions .  Figure 7 was developed as  a 

means of f inding the  optimal gra t ing  o f f s e t  angle. 

o f f s e t  angle i s  p lo t ted  versus the Z5 coordinates on the  spec t r a l  image 

surface.  

p lo t ted  f o r  a l l  combinations of three gra t ing  constants  

In  Figure 7 ,  the  gra t ing  

For both the 25' and 30" gra t ing  o f f s e t  angles,  the Z5 values a re  

200 l / m m  

210 l/m 
220 l/m 

and three wavelengths 

3.7 p 

4 * 3  p 

6 . 0  p 

The corresponding poin ts  a t  25" and 30" are connected by s t r a i g h t  l i n e s ,  which 

is  a s u f f i c i e n t l y  good approximation f o r  t h i s  purpose. 

angle for  each of the  three  gra t ing  constants  i s  given by the  in t e r sec t ion  of 

t h e i r  4 . 3  p l i n e s  with 25 = -,50, 

The idea l  gra t ing  o f f s e t  

The t o t a l  Z5.spread on the  s p e c t r a l  image 
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surface for the 3.7 p to 6.0 ~1 wavelength range can then be read off for that 
grating offset angles 

Table 10 lists the best grating offset angle for each of the three grating 
constants and the resultant spectral image surface spread, and collimator 
mirror optical width for the 3.7 p to 6.0 ~1 wavelength range. 

Of these three possible choices, the 220 l / m  grating requires a 27.5' offset 

angle. However, it requires too large a collimating mirror optical width. 

The 210 l / m  grating requires a 26" offset angle, and it uses 8.8 inches for 
the collimating mirror optical width, 
blaze at 4.3 IJ. is a cataloged item by one manufacturer. 

A 210 l / m  grating having a first-order 

The 200 l/mm grating requires a 24.6" grating offset angle, and it uses 8.3 

inches for the collimating mirror optical width. 

persion than the 210 l/m grating, 
26" offset angle will be used for the final monochromator design and for the 

remainder of this report. 

However, this is less dis- 
Therefore, the 210 l/mm grating with a 

3 ,  FINAL MONOCHROMATIC DESIGN 

The axis systems which are used to ray trace the final monochromator are 
identical to those used for the preliminary monochromator studies which have 
been discussed in the previous paragraphs of this section, Again, Figure 2 

and Table 1 define the axis systems that are used for all monochromator ray 
traces, and Table 2 defines the mo chromatic dimensional parameters. Table 11 
gives the dimensional parameters of the final monochromator which differs from 

Tables 3 and 5 only in the values of a2 and a 3 ,  which have 
-26O, respectively. 

The grating ruled area for the final monochromator is 2.76 

along the grating ru ings, and 3,18 inches measured across 

now become 26' and 

inches measured 
the rulings. This 

is the same size grating ruled area as used for both the preliminary monochrom- 
ators, and also for the monochromator of the Phase I1 Study Final Report. ( 2 )  
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Table 10. Best Grating Offset  Angle and the  Resultant Spec t ra l  Image 
Surface Spread and Optical  Width of Collimating Mirror fo r  
t he  3.7 p t o  6.0 p Wavelength Range 

Grating Best Grating Spec t ra l  Image Optical  Width of 
Constant, k Offset  Angle Surface Width Collimating Mirror 

(l/m) f o r  4.3 p Inches Inches 

200 24.6" 6.25 8.3 

2 10 26 .Oo 6.75 8.8 

220 27.5' 7.70 9.7 

Table 11. Dimensional Parameters for  the F ina l  Monochromator Ray 
Trace 

a 

10.0 

- 9.0 

0 

9 .o 
Determined 

by 
Automatic 

Focus 

b 
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Table 7 thus def ines  the  coordinates of  the four  corners of gra t ing  ruled area 

on the Y2-Z2 plane, and t h i s  ruled a rea  i s  the  aperture  s top  of the monochromator. 

A t  a 26' g ra t ing  o f f s e t ,  the  3.18-inch gra t ing  width subtends a projected width 

of 2.86 inches measured on the  Y3-Zg plane, which i s  perpendicular t o  the para- 

boloid axis .  This gives the gra t ing  a near ly  square project ion for  those rays 

which a re  dispersed t o  Z5 = -.50 on the spec t r a l  image surface which i s  the 

spec t r a l  locat ion for  4.3 1-1. 

4 ,  SINGLE LINE ENTRANCE SLIT 

The i n i t i a l  ray  t races  for  the  f i n a l  monochromator used 100-ray famil ies  from 

the four s t a r t i n g  points  i n  the  (Xo, Yo, Zo) axis  system l i s t e d  i n  Table 12 .  

These four s t a r t i n g  poin ts ,  A l ,  A2,  A3, and A4 have near ly  the same values as 

A l l ,  A ' 2 ,  A'3, and A'4, respect ively,  for  the preliminary monochromator, with 

a 25' grat ing o f f s e t  and A"1, A"2, A"3, and A"4, respec t ive ly ,  for  the prelim- 

inary monochromator with a 30' g ra t ing  o f f se t .  

s t a r t i n g  points  d e f i n e ' a  s ing le  l i n e  i n  the  (Xo, Yo, Zo) axis  system which 

produces a s p e c t r a l  image which i s  subs t an t i a l ly  p a r a l l e l  t o  t he  Y5 axis  for  

most of the  s p e c t r a l  image surface of i t s  respect ive monochromator. The A l ,  

A2, A3, A4 set of poin ts  would f a l l  between the A l l ,  A ' 2 ,  A'3, A'4 and the 

A"1, A"2, A"3, A"4 sets of poin ts  i n  Figure 4. 

descr ibe the focussed s p e c t r a l  images for  s t a r t i n g  points  A l ,  A 2 ,  A3, and A4, 

respect ively.  
4.2, 4.3, 4.4, 4.5, 5.0, 5.5, and 6.0 v, assuming a 210 l / m m  gra t ing  constant.  

In  a l l  three cases,  the four 

Tables 13, 14, 15, and 16 

I n  a l l  cases, the  s p e c t r a l  images a r e  described for  3.7, 4.0, 

Tables 13, 14, 15, and 16 have the same format. 
shown the  s t a r t i n g  poin t  coding A l ,  A 2 ,  etc.,  followed by the Xo, Yo, and Zo 

coordinates of t h a t  s t a r t i n g  point .  

described i n  Table 17. 

Above each of these tab les  i s  

The column headings for  these t ab le s  a re  

Tables 13, 14, 15, and 16 are accurate  t o  within C.001 inch fo r  every value 

given. 
t h a t  can be gained from a ray  trace of these four points .  

These tab les  give subs t an t i a l ly  a l l  the spec t r a l  image information 

Similar tab les  t o  



Table 12, Four Ray Starting Points on Single-Line Entrance S l i t  
for the Final Monochromator. 
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Table 17 .  Defini t ion of Terminology Used fo r  Spec t ra l  Image 
Characteristic Tables 

The set of W values used f o r  the  ray t races  of both the  s ing le  l i n e  
s l i t  and the  main entrance s l i t .  wl 

The equivalent wavelengths f o r  W 1  with a 210 l / m m  gra t ing  constant:  
3.7, 4 , 0 ,  4,2, 4 , 3 ,  4 . 4 ,  4.5, 5.0, 5.5, and 6.0 p s  

a5 The XL, coordinate fo r  the  o r ig in  of the  (Xg, Y5, Z5) ax is  system, 
The o r ig in  of t he  (X5, Y5, Z5) axis system is  l inea r ly  transformed 
along i t s  own X5-axis by the computer u n t i l  a bes t  focus i s  ob- 
ta ined fo r  each 100-ray family on the  Y5-25 plane. This focus 
minimizes the least square Z5 deviat ion about t he  25 centroid,  
Thus, a5 gives the  d is tance  of the Y5-Z5 plane from the col l imat ing 
mirror apex for  a .best  focus. 

a5 
Comparison 

This column is  used t o  compare the  numerical difference between the 
values of a5 from the  two Tables noted by s t a r t i n g  point  code. 

This is the  25 coordinate of t he  Z5 centroid for  a l l  100 rays i n  a 
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t o  these had t o  be made up fo r  t r i a l  values for  A l ,  A2, A 3 ,  and A4 s t a r t i n g  

o i n t s  before the  bes t  se t  of four s t a r t i n g  poin ts  could be determined. The 
2, A 3 ,  and A4 s t a r t i n g  poin ts  given i n  Table 1 2  produces a f i n a l  set of A l ,  

spec t r a l  image a t  4 . 3  p which is p a r a l l e l  t o  the Y5-axis within C.001 inch. 

es 13, 1 4 ,  15, and 16 show t h a t  the  s e c t r a l  images of t he  four s t a r t i n g  

s i n t s  are no longer p a r a l l e l  t o  Y5 a t  5,s p and 6,O p. However, nothing can 

be done about t h i s .  The four  tab les  do show prec ise ly  the  spec t r a l  image 

surface coordinates and i t s  deviat ions from an idea l  plane o r  cy l ind r i ca l  

image sur f  ace 

5. DOUBLE ENTRANCE SLITS 

The s ingle- l ine  entrance s l i t  which was analyzed i n  the  preceding sec t ion  i s  

usefu l  i n  def ining the  entrance s l i t  when a metal mask i s  t o  be shaped i n  the  

orm of the s p e c t r a l  image surface,  and a number of d i s c r e t e  v e r t i c a l  e x i t  s l i t s  

are cu t  through it. 

chromator. This i s  because the  adjacent de tec tors  on the spec t r a l  image surface 

must have no physical  gap between them, I n  t h i s  manner, adj.acent de tec tors  have 

s p e c t r a l  band passes with a common half-power wavelength value. It is impracti- 

cal  t o  place the  de tec tors  s i d e  by s i d e  s ince  the  de tec tors  would have t o  be too 

la rge  f o r  a good S / N  r a t i o ,  However, de tec tor  lenses  can be made rectangular  

when viewed along t h e i r  o p t i c a l  axis, and can be stacked s i d e  by s i d e  against  

one another,  

de tec tors  w i l l  be subs t an t i a l ly  coincident ,  

Such mask-type e x i t  s l i t s  a r e  not p r a c t i c a l  fo r  t h i s  mono- 

This, then, insures  t h a t  t he  half-power wavelengths f o r  adjacent 

The rectangular  lenses  then become the  e i t  s l i t s  of the  monochromator. The 

ersec t ion  of  the  sphe r i ca l  f ron t  lens  face with the  rectangular  body of the 

lens  produces, i n  e f f e c t ,  a s l i t  edge which i s  curved severely along the X5 
axis. 
,6 inch measured on the  Y5 ax i s  and .1 inch measured on the  Z5 a x i s ,  and i f  

t he  entrance s l i t  edges 

as is t h e  case f o r  s t a r t i n g  points  A I ,  A2, A3, and A4, then some pa r t s  of the 

l e n s @  defining edge would be out of Zocus by as much a s  LO43 inch, 

I f  the  lens  fo r  t he  4 .3  p detec tor  has a rectangular  cross-sect ion of 

are designed t o  roduce images p a r a l l e l  t o  t he  Y5 axis ,  



To cor rec t  f o r  t h i s  foca l  e r r o r ,  the entrance s l i t s  of the  f i n a l  monochromator 

have been curved along the Xo axis ,  so the entrance s l i t  images w i l l  match the  

curved edges of the  rectangular  detector  lenses ,  

Figure 8 i s  a p l o t  of the entrance s l i t s  for  the f i n a l  monochromator. Points 

, 82, B3, B4, C 1 ,  C2, C3, and C4 def ine the main entrance s l i t ,  and are used 

as  100-ray family s t a r t i n g  points  f o r  ray t races  f o r  the main entrance s l i t ,  

Poin ts  D l ,  D2, D3, D4, E l ,  E2, E3, and E4 define the second s l i t  which produces 

apping wavelengths a t  each detector .  These la t te r  points  a re  used as 100- 
r a y  family s t a r t i n g  points  €or ray t races  for the second s l i t .  

shows i n  dashed l i n e s  the s ing le  l i n e  s l i t  represented by points  A l ,  A2 ,  A3, 

Figure 8 a l so  

nd A4e Table 18 gives the (XoJ Yo, Zo) axis  system coordinates for  the 
sixteen s t a r t i n g  poin ts  used f o r  the two entrance s l i ts ,  as shown i n  Figure 8. 

Each entrance s l i t  has an e f f ec t ive  width of ,1 inch, 

coordinate difference between comparable B and C s t a r t i n g  poin ts ,  and D and E 
s t a r t i n g  poin ts  i s  .l inch. For example: 

That i s  the Zo 

Bl-CZ = ,I inch 

as measured on the  Zo axis .  

An entrance s l i t  width of .l' inch gives the  spectrometer a resolving power 

g rea t e r  than 100 a t  4,3 IJ.. To be exact ,  the  resolving power i s  

R f o r  a .I-inch entrance s l i t  (3) 

The spec t r a l  dispers ion on the  spec t r a l  image plane i n  t h e  v i c i n i t y  of 4.3 IJ. 

can be found by using the  numerical d i f fe rence  i n  Zg centroid values between 

4,2 p and 4 , 4  p, as found i n  the  "centroid Z5" column of Table 14 fo r  the  A2 

s t a r t i n g  point  
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Figure 8, Entrance Slit Starting Points in the (XoJ Yo, Z,) 
Axis System of the Final Monochromator 
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Table 18. Sixteen Entrance S l i t  S t a r t i ng  Poin ts  fo r  the Two Entrance 
S l i t s  of the  F ina l  Monochromator 

S t a r t i n g  
Poin ts  

B l  

B2 

B3 

B4 

C l  

c2 

c3 
c4 

.D l 
D2 

D3 
D4 

E l  
E2 

E 3  

E4 

0 
IC 

e 127 

0 

- .070 
- .083 

127 

0 
- .070 
- .083 

,1217 
0 

- .070 
- .083 

.I27 
0 

- .070 

- .OB3 

*O 

.2 
0 

- .2 

- .4 

zo '  

.160 

.125 

.085 

.040 

,060 

.025 

- .015 

- .060 

.010 

- ,025 

- ,065 

- ,110 

- .090 
- .125 

- .165 

- .210 
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x =  

= .0409 ~ / ~ l  inch of s ectral  image 

4.3 
R =  105 .0409 

The second entrance s l i t  is t o  be used on a time-share bas i s  with the  main s l i t .  

When the second s l i t  i s  used, it produces a d i f f e r e n t  wavelength d i s t r i b u t i o n  on 

the  spec t r a l  image surface.  It should produce a s p e c t r a l  bandpass on a s p e c i f i c  

de tec tor  lens, i n  an a r ray  of uniform width detector  lenses ,  which has a center  

h, etc., d i f f e r e n t  than the center  ength which is  P/2 

velength for t h a t  de tec tor  when the  main s l i t  i s  used. A h  i s  the  s p e c t r a l  

bandwidth of acceptance of the  s ecif ic  de tec tor ,  

To accomplish the  1/2 

moved l a t e r a l l y  along the 2, axis  ,OS inch, However, i t  w i l l  probably not be 

des i rab le  t o  use a moving entrance s i t  for  t h i s  experiment. 

h wavelength difference requires  the entrance s l i t  t o  be 

To accomplish the  1-112 
second s l i t  t o  be displaced m e  5 inch along the  2, axis  from the center  of the 

main s l i t ,  and fo r  a 2-1/2 

h wavelength d i f fe rence  requires  the center  of the 

h wavelength difference requi res  the second s l i t  t o  

ed -.25 inch from the main s 

h s h i f t  fo r  the  second s l i t  has been se lec ted  f o r  the  f i n a l  mono- 

chromator s ince  it  i s  enough s h i f t  fo r  a good physical  separat ion of the s l i t s ,  

y e t  i t  is not so grea as  t o  de t e r io ra t e  t he  s e c t r a l  image or  t o  r equ i r e  a l o t  

imating mirror t o  hand e the rays through the  second s l i t .  This 

cond s l i t  i s  actua e n t i c a l  t o  tRe main s l i t ,  as shown i n  Figure 8 
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and Table 18, The major goal f o r  the f i n a l  monochromator ray t races  has been 

t o  develop two entrance s l i t  shapes which produce iden t i ca l ly  focussed images 

on the  edges of each rectangular  de tec tor  l ens ,  

Tables 19 through 34 def ine the  s p e c t r a l  image c h a r a c t e r i s t i c s  fo r  the s ix teen  

s t a r t i n g  points  on the two entrance s l i t s ,  and they have the  same format as  

Tables 13, 14, 15, and 16 fo r  s t a r t i n g  points  A l ,  A2, A3, and A4, respect ively.  

Again, Table 17 defines the  terminology used i n  the  tab les .  The ray  s t a r t i n g  

points  B2, C2, D2, and E2 are used as  the  reference poin ts  f o r  the  four  edges 

of the two entrance s l i t s ,  The o ther  th ree  ray  s t a r t i n g  poin ts  fo r  each edge 

of the entrance s l i t s  were f ina l i zed  by t r i a l  and e r r o r  r u n s  a t  4.3 1-1 fo r  the 

main s l i t ,  and a t  4.3633 p f o r  the  second s l i t ,  u n t i l  the  spec t r a l  images of 

these points  had the  bes t  possible  foca l  match with the  rectangular  edges of 

the  de tec tor  lens ,  and the s p e c t r a l  images of four reference points  B2,  C 2 ,  

D2, and E2, 

be fur ther  cont ro l  led 

The deviat ions from idea l  which exis t  a t  other  wavelengths cannot 

Table 35 shows the  nine Wl 

comparable wavelengths fo r  

values fo r  the  second s l i t  

main s l i t .  The comparable 

values used for  the  main s l i t  ray t races  and the 

the  210 l/mm grat ing,  and the r e su l t an t  nine W 

which has a -.I5 inch Zo displacement from the  

wavelengths are a l so  given fo r  t h i s  second s l i t .  

2 

6 .  SPECTRAL IMAGE ABERRA.TIONS 

Tables 19 through 34 give the  magnitude of the o p t i c a l  aberrat ions along both 

the  Z5 and Y axis. It i s ,  however, the  Z aberrat ions which modify spec t r a l  

bandpass shapes received by each de tec tor .  Without aber ra t ions ,  these s p e c t r a l  

bandpasses should be t r i angu la r  i n  shape. Optical  aberrat ions round the tri- 

angular peak and spread the  base of the t r i a n g l e  over a grea te r  wavelength 

range 

5 5 

Figures 9 through 17  show 100-ray spot  diagrams for  the  aberrat ions on the  

spec t r a l  image surface for  the nine W values ,  The spot  diagrams a r e  p lo t ted  

fo r  the E4 s t a r t i n g  poin t  on the second s l i t ,  s ince t h i s  s t a r t i n g  poin t  i s  the 
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Table 35, W Values and Equivalent Wavelengths Used for  t he  Ray Trace 
of the Two Entrance S l i t s  

w1 

.777 

.840 

882 

e 903’ 

.924 . 

945 

3. .050 

1,155 

1.260 

x1 
for  

210 l/m 

3.7 

4 .O 

4.2 

4.3 

4 e4 

4.5 

5 .O 

5 @ 5  

6 .O 

w2 

e 7 903 

.8533 

.8953 

.9163 

.9373 

,9583 

1 e 0633 

1,1683 

1.2733 

x2 
for  

210 llm 

3,76333 

4.06333 

4.26333 

4.36333 

4.46333 

4.56333 

5.06333 

5 -56333 

6.06333 
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NIMS MONOCHROMFITOR FI3.5 10 INCH FL. 26 DEGREE GRATING 12- 18-69 
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M I N  
Z HFILF A X I S  LENGTH 0.050 Z =  0.028 -0.013 
Y HALF FIXIS LENGTH 0.050 Y = 0.050 -0.026 

SURFFICE NO. 
5 

Figure 9. Spectral  Image f o r  E4 S t a r t i n g  Point  
W = 0.7903 X = 3.7633 
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NIMS MONBCHROMflTOR Fi3.5 10 INCH FL. 26 DEGREE GRflTING 

y.5 
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SURFFlCE NO. 
5 

Figure 10. Spectral Image for  E4 Starting Point 
W = 0.8533 X = 4.0633 
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N I M S  MONOCHRBMRTOR F/3.5 10 INCH FL. 26 DEGREE GRRTING 

5 

+ 

f + 

12- 18-69 

MFlX MIN 
Z HRLF R X I S  LENGTH 0.050 z = 0.007 -0.003 SURFRCE NCI. 
Y HRLF R X I S  LENGTH 0.050 Y = 0.038 -0.024 5 

Figure 11. Spectra1 Image for E4 Starting Point 
W = 0.8953 h = 4 .2633  
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N I M S  MONOCHROMRTOR Fl3.5 10 INCH FL. 26 DEGREE GRRTING 12- 18-69 

MRX MIN 
Z HALF A X I S  LENGTH 0.050 Z =  0.006 -0.005 SURFRCE NO. 
Y H A L F  A X I S  LENGTH 0.050 Y = 0.035 -0.02U 5 

Figure 1 2 .  Spectral Image for  E4 Starting Point 
W = 0.9163 A = 4.3633 
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NIMS MONOCHROMRTOR Fl3.5 10 INCH FL. 26 DEGREE GRRTING 12- 18-69 

MRX MIN 
Z HFlLF R X I S  LENGTH 0.050 Z =  0.006 -0.007 SURFRCE NO. 
Y HRLF R X I S  LENGTH 0.050 Y = 0.032 -0.02U 5 

Figure 13. Spectral Image for  E 4  Starting Point 
W = 0.9373 A = 4.4633 
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NIMS MONOCHROMATOR Fl3.5 10 INCH FL. 26 DEGREE GRRTING f 2- 18-69 
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Y HQLF R X I S  LENGTH 0.050 Y = 0.028 -0.023 5 

Figure 14. Spectral Image for  E4 Starting Point 
W = 0.9583 A = 4.5633 
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N I M S  MONOCHROMRTOR F/3.5 10 I N C H  FL. 26 DEGREE GRRTING k2- 18-69 
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Figure 15. Spectral Image for E4 Starting Point 
W = 1.0633 h = 5.0633 
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Figure 16. Spectral Image for E4 Starting Point 
W = 1.1683 h = 5.5633 
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Figure 1 7 .  Spectral Image for E4  Starting Point 
W = 1.2733 A = 6.0633 
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f a r t h e s t  from the col l imat ing mirror ax i s ,  and thus produces s l i g h t l y  l a rge r  

aberrat ions than any o ther  entrance s l i t  s t a r t i n g  point .  The Y-2 axes shown 
i n  Figures 9 through 17 are, of  course, t h e  Y5-25 axes of the  monochromator. 

However, fo r  t he  r a y  trace f o r  each f igure ,  i t  was  necessary t o  move the  o r ig in  

of t h e  (Xs, Y5, 25) axis system t o  the  centroid Y5 and the  centroid Z5 coordinates 

shown i n  Table 34 f o r  each of the nine W values. 

spot  diagrams, the  o r ig in  of t h e  axis system shown is  a t  the t r u e  centroid of 

i t s  100-ray spot diagram. 

This means t h a t  f o r  a l l  nine 

A l l  nine spot  diagrams use the  same sca l e  of  .050 inch per ha l f  axis .  

7 .  COLLIMATING MIRROR 

The collimating mirror i s  a paraboloid with a lO-inch foca l  length. 

must be accurately posit ioned a t  the  o r ig in  of the (X1,4, Y1,4, 21,4) ax is  

system, and i t s  focal- po in t  must l i e  prec ise ly  on the  X 1  4 axis. 

I ts  apex 

7 

The areas of the coll iniating mirror t h a t  ac tua l ly  r e f l e c t  rays  a re  shown i n  

Figure 18. This i s  a p l o t  of da t a  taken from boundary-defining ray traces. 
The p l o t  shows the  o p t i c a l l y  used areas  of the col l imat ing mirror a s  pro- 

jec ted  on the Y 1  4-21 4 plane. 

i s  formed by drawing s t r a i g h t  l i n e s  between four ray-traced corner points .  

Each set of four  corner po in ts  i s  the  in t e r sec t ion  between the coll imating 

mirror  and those rays which a l s o  in te rsec ted  the  four corners of the  g ra t ing  

ru led  areas. 

Each of the rectangular  shapes i n  Figure 18 , J 

Such in t e r sec t ion  rectangles  can be constructed f o r  any combination of entrance 

s l i t  s t a r t i n g  poin t  and W1 o r  W2 values.  However, only those combinations have 

been p lo t ted  which ac tua l ly  cont r ibu te  t o  a coll imating mirror boundary con- 

d i t i on .  

(X1,4, Y1,4, Z1,4) axis system i n  Figure 18 show the f i r s t  r e f l ec t ions  from 

t h e  col l imat ing mirror fo r  those rays a r r iv ing  d i r e c t l y  from the  entrance s l i t s .  
The entrance s l i t  s t a r t i n g  poin ts  t h a t  have been used a r e  B 1 ,  B4, E l ,  and E4 

which represent  the  four outer  corners of the  two entrance s l i t s .  

are not involved a t  t he  f i r s t  col l imat ing mirror r e f l ec t ion .  

The four rectangular  areas which l i e  below the o r ig in  of t he  

The W values 
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The four rec tangles  which a r e  shown above the  o r ig in  of the  (X1,4, Y1,4, Z 1 , 4 )  

ax i s  system i n  Figure 18 represent  the  second r e f l e c t i o n  from the col l imat ing 

mirfor ,  and a r e  formed by rays t h a t  have been d i f f r ac t ed  t o  the  col l imat ing 

mirror from the  gra t ing .  The right-hand rectangles  i n  Figure 18 have entrance 

s l i t  s t a r t i n g  poin ts  C 1  and C 4  used with a W value of ,777. 
rectangles  have entrance s l i t  s t a r t i n g  poin ts  D1 and D4 and a W value of 1.2733. 
These four rectangles  are shown connected by fantom l i n e s ,  s ince  the area so 

enclosed represents  the  o p t i c a l l y  used area.  

The left-hand 
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SECTION 4 

DETECTOR FOREOPTICS 

The foreopt ics  fo r  e ch d t c t o r  i used t o  t r ans fe r  rad ian t  f l u x  from the  

monochromator s p e c t r a l  image surface t o  t h e  de tec tor .  

have the following cha rac t e r i s t i c s :  

The foreopt ics  should 

1. 

2 .  

3 .  

The f ron t  o p t i c a l  element of each de tec tor  foreopt ica l  system must 

have a rectangular  cross-section, as  viewed along i t s  op t i ca l  ax i s ,  

which matches the  spec t r a l  images of both the  main entrance s l i t  

and the second entrance s l i t  f o r  t h e i r  respec t ive  cen t r a l  wave- 

lengths.  

The de tec tor  w i l l  be emersed i n  e i t h e r  the f ron t  element of a 

s ing le  lens or  the  second element of a double lens  de tec tor  fore- 

o p t i c a l  system. 

The de tec tor  foreopt ics  must image the gra t ing  ruled area on the  

de tec tor  with as  good image qua l i ty  as possible .  Having the  

de tec tor  area match the  gra t ing  image prec ise ly ,  so the de tec tor  

receives no d i r e c t  rays  from outs ide the gra t ing  ruled area,  i s  

the  bes t  monochromator s t ray- l igh t -cont ro l  technique avai lable .  

Since the  gra t ing  i s  t o  be imaged on each de tec tor  by i t s  foreopt ics ,  the ray- 

t r a c e  procedure. consisted of ac tua l ly  ray- t racing d i f f r ac t ed  rays from the  

center  and the four corners of the  gra t ing  t o  the coll imating mirror which, 

i n  turn,  r e f l e c t s  them t o  the  spec t r a l  image surface where they a re  traced 

through the  foreopt ics  t o  the  de tec tor .  

repeated for  nine W values with equivalent wavelengths: 

4.4, 4.5, 5.0, 5.5, and 6.0 1.1. 

This ray t r a c e  procedure w a s  

3.7, 4 . 0 ,  4.2, 4 . 3 ,  

c 
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Figure 19 shows the  ax is  systems t h a t  a r e  used for  the  de tec tor  foreopt ics  ray 

trace, and Table 36 defines  these ax is  systems. A s ing le  lens  foreopt ics  i s  
shown i n  Figure 19 and described i n  Table 36, s ince  it  has been se lec ted  for  

t h e  f i n a l  foreopt ics  design. Both s i n g l e t  and doublet lenses were ray-traced. 

However, a germanium emersed s i n g l e t  gives good image qua l i ty  on the  de tec tor ,  

and it i s  much e a s i e r  t o  mount i n  the  foreopt ica l  arrays with high-posit ioning 

accuracy e 

Five ray s t a r t i n g  poin ts ,  each using 25-ray fami l ies ,  are located on the 

d i f f r ac t ion  gra t ing  surface.  These loca t ions  include the  center  and the  four 

corners of the gra t ing  ruled area, so the  o r ig in  o f  the  (XA, YA, Z ' )  ax is  system 

is  located a t  t h e  gra t ing  center .  

plane and the gra t ing  ru l ings  are p a r a l l e l  t o  the  YA-axis. 

the  coordinates of the f i v e  s t a r t i n g  poin ts  on the gra t ing ,  G 1 ,  G2,  G3, G4, 
and 65. 

. 
0 

The gra t ing  ruled surface i s  on the  Y;-Z; 

Table 37 defines  

Each family of 25 rays.from the  f i v e  s t a r t i n g  poin ts  on the  gra t ing  must i n t e r -  

sect and f i l l  t he  rectangular  aper ture  s top  for  t he  de tec tor  foreopt ics  which 
is  i n  the  (Xi, Yi, 2;) axis system i n  the  same uniform 5 x 5 point  array.  This 

makes the  rectangular  edges of the f ron t  l ens  surface of each de tec tor  lens the 

t r u e  aperture  s top  of i t s  de tec tor  foreopt ica l  system. 

Table 38 gives the dimensional parameters for  the de tec tor  foreopt ics  ray  trace 

axis systems shown i n  Figure 19, and Table 2 defines  these parameters. 

f i n a l  radius  of curvature f o r  the  f ron t  surface of each de tec tor  lens is  

.6 inch. 

The 

1. APERTURE STOPS FOR DETECTOR FOREOPTICS 

I n  the  preceding paragraphs, the  ray-t race ax is  systems were defined and the  

procedures f o r  ray- t racing the  de tec tor  foreopt ics  fo r  nine d i f f e r e n t  W values 

were out l ined.  A major problem s t i l l  t o  be solved before the ray t r aces  could 

commence was the  accurate  determination of the  proper aper ture  s top  s i z e  and 

i t s  physical loca t ion  relative t o  the  remainder of the monochromator fo r  each 

de tec tor  o p t i c a l  system, This was solved by the following procedure: 

-71- 



n
 

m
 

m
 

3 v
 

3 -m
 

m
 

u
l

4
 i 

-
0

 
N

 r
(
 

-
0

 
N

 

L
 

-
u
l
 

*
d
 



Table 36. Defini t ions fo r  the Axis Systems Used t o  Ray-Trace the 
Detector Foreoptics. 

DIFFRACTION GRATING--The gra t ing  r u l e d  surface is on the  
Y'-Z '  plane, and the ru l ings  a r e  p a r a l l e l  t o  the Y:-axis. 

0 0  

MATHEMATICAL AXIS SYSTEM--This axis system has the same or ig in  
as the  (XA, Yi, ZA) ax is  system, and is used as  a mathematical 
a id  e 

PARABOLOID COLLIMATING MIRROR--The apex of the paraboloid 
coll imating mirror i s  tangent ia l  t o  the Y3-Z; plane a t  the 
o r ig in  of the  (Xh, Y h ,  Z i )  axis  system. The focus of t h i s  
paraboloid coll imating mirror i s  located on the  negative 
Xi-axis. 

APERTURE STOP FOR EACH DETECTOR FOREOPTICS SYSTEM--The X$,-axis 
is the op t i ca l  center l i n e  f o r  the  detector  foreopt ica l  system 
The %$-axis fo r  every detector  foreopt ica l  system i s  p a r a l l e l  
t o  the  Xj-axis which is the coll imating mirror axis .  
input value f o r  each of the  nine W values ray t races  is approx 
imately equal t o  the  average of the  a5 values fo r  B 1 ,  B4, C 1 ,  
and C4 from Tables 19, 22,  23, and 26, respect ively,  fo r  the 
same W values. 
the nine W values a re  approximately equal t o  the Y5 and Z5 
coordinates which represent  the center  f o r  the four points  B1 ,  
B4, C l ,  and C4, using the same above t ab le s ,  (However, the 
ac tua l  input values fo r  bJ and C!J a re  taken from Figures 20 
through 28). 
as those given i n  Table 2 for  an, bn, and cn, respect ively.  

The a: 

The b; and cJ input values used fo r  each of 

The de f in i t i ons  for  a$, b3, and c$ a re  the same 

FRONT SURFACE OF THE SINGLE DETECTOR LENS--The o r ig in  of t h i s  
axis  system is on the Xi-axis and a t  the apex of the spheri-  
c a l  f ron t  lens  surface.  The center  of curvature of the f ron t  
lens  surface l ies on the  negative Xi axis .  

SECOND SURFACE OF THE SINGLE DETECTOR LENS--The second surface 
is a plane surface and the detector  i s  emersed i n  op t i ca l  con- 
t a c t  with i t ,  
point on the  grat ing,  the o r ig in  of the (X;, Y;, Z;) axis  sys- 
tem i s  l i nea r ly  transformed along the  X 

For each family of rays  from a s ingle  s t a r t i n g  

ax is  by the computer 
u n t i l  a bes t  focus is  obtained on the  Y5-Z; 4 plane. 
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Table 37, Five Ray Starting Points on Grating Ruled Surface that 
are used t o  Ray-Trace Detector Foreoptics 

Table 38. Dimensional Parameters for the Axis System used t o  
Ray-Trace the Detector Foreoptics 

Axis 
Subscripts 

1 
2 

3 

4 

5 

=- 
0 

9 .o 
See 
Table 39 

See 
Table 39 

Determined 
by 

Automat i c 
Focus 

0 

0 
See 
Table 39 

0 

0 

C '  

0 

0 
See 
Table 39 

0 

0 
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a. The s p e c t r a l  images of the  main entrance s l i t  formed on the s p e c t r a l  

image sur face  are p lo t ted  i n  Figures 20 through 28 f o r  each of t h e  

nine W values,  respect ively.  
from the monochromator s p e c t r a l  image cha rac t e r i s t i c s ,  Tables 19 

through 26, f o r  s t a r t i n g  poin ts  B 1 ,  B2, B3, B4, C 1 ,  C2, C3,  and C4. 

The centroid Y 

e igh t  s t a r t i n g  poin ts  i s  shown by the heavy dots  i n  Figures 20 through 

28. 

entrance sl i t  image f o r  each of the  nine W values.  I f  one compares 

the  s p e c t r a l  image produced by the  second entrance s l i t  by p l o t t i n g  

t h e  centroid Y 

and E4 s t a r t i n g  poin ts  from Tables 27 through 34, respec t ive ly ,  i t  is  

found they a l so  match the  s p e c t r a l  images fo r  t h e  main s l i t  within 

,002 inch f o r  a l l  wavelengths except 6 .0  p, where the  mismatch i s  

only ,004 inch between E4 and C4.  This i s  an unexpectedly good 

match for  ;he s p e c t r a l  images of these two entrance s l i t s .  

A l l  da t a  f o r  these  f igures  i s  taken 

and centroid Z 5  image loca t ions  fo r  each of  the  above 

The s o l i d  l i n e s  connecting the  dots  d e t a i l  the  shape of the  main 

5 

and centroid Z 5  values f o r  D1,  D2,  D3, D4, E l ,  E2, E3,  5 

Figure 29 i s  a composite p l o t  of t h e  s p e c t r a l  images for  a l l  nine 

W values.  It shows the  p l o t s  from Figures 20 through 28 normalized 

about the  s t a r t i n g  poin t  C2 v i c i n i t y  for  a l l  values.  

b. Figures 20 through 28 suggest t h a t  i t  may be des i rab le  t o  use 

d i f f e r e n t  s i z e  aper ture  s tops  for  the  de tec tor  foreopt ics  i n  

d i f f e r e n t  wavelength regions. Following t h i s  suggestion, t h e  

experimenters decided t o  use three  d i f f e r e n t  aper ture  s top s i zes ,  

which a re  defined thus : 

1. One aper ture  s top  w i l l  match the 4.3 p s p e c t r a l  image as near 

as  p r a c t i c a l ,  and t h a t  aper ture  s top s i z e  w i l l  be used for  a l l  

foreopt ics  from 3.7 p t o  4.65 p. 

2. A second aperture  s top  w i l l  match the  5.0 p spec t r a l  image as 

near as p r a c t i c a l  and t h a t  aper ture  s top  s ize  w i l l  be used f o r  

a l l  foreopt ics  from 4.65 p t o  5.5 p. 
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3 .  A t h i rd  aper ture  s top  w i l l  match the 6.0 p spec t r a l  image as 

near a s  p r a c t i c a l  and t h a t  aper ture  s top  s i z e  w i l l  be used f o r  

a l l  foreopt ics  from 5.5 p t o  6.0 p. 

Three aperture  s top  templates were developed which gave a b e s t - f i t  

f o r  the 4 . 3  p, 5,O p, and 6.0 p s p e c t r a l  images shown i n  Figures 2 3 ,  

2 6 ,  and 2 8 ,  respect ively.  

They are rectangular  and have the  following ove ra l l  dimensions: 

These three  templates a r e  shown i n  Figure 3 0 .  

Width Height 

.1 in .  x .6 

.12 i n .  x ,607 in .  f o r  5.0 and 5.5 p 

.175 in .  x ,660 in .  fo r  6 . 0  p 

in .  f o r  3 . 7 ,  4.0, 4 . 2 ,  4 . 3 ,  4.4, and 4.5 p 

These three aperture  s top  templates were posit ioned over the graphs 

of the  appropriate spec t r a l  images i n  Figures 2 0  through 2 8 ,  and the 

bes t  match found. 

p a r a l l e l  with the  Y5-axis. 

28 show the f i n a l  rectangular  template locat ions r e l a t i v e  t o  the 

spec t r a l  images. 

In a l l  cases,  the  template long edges were kept 

The dash-dot l i n e s  on Figures 2 0  through 

c,  The X mark is  a t  the  t rue  center  of each template, and it  was d i r e c t l y  

t ransfer red  t o  the matched s p e c t r a l  image. 

2 0  through 28 then give the  bes t  Y; and Z; coordinates for  the op t i ca l  

center  l i nes  of the nine de tec tor  foreopt ica l  systems t o  be ray- 

traced. 

These X marks on Figures 

The prccedures t h a t  have j u s t  been out l ined f o r  determining the aperture s tops 

of the detector  foreopt ics  were used t o  develop Table 3 9 ,  which accurately 

defines the bes t  locat ions of  the  nine foreopt ica l  l ens  systems t o  be ray- 

traced. 
Figures 20 through 2 8 ,  plus 2.0 inches. 

s iona l  parameter from the monochromator r ay  t race.  

the  Z5 coordinates from Figures 20 through 28. 
t o  t he  average of the a 5 

The bJ values are equal t o  the Y5 coordinates of the X mark i n  
The 2,O-inch amount i s  the b5 dimen- 

The c$ values a re  equal t o  

The a; values a re  roughly equal 

values fo r  s t a r t i n g  points  B1 ,  B4,  C 1 ,  and C4 l i s t e d  
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I ~ R  Tables 19, 22, 23, and 26, respect ively.  The a i  values represent  t he  a x i a l  

d i s tance  along the  Xi-axis between the  apex of the  f r o n t  lens a t  the  o r ig in  of 

the  (Xi ,  Yi, Z i )  axis system and the four  rectangular  corner points  of the f ron t  

lens  surface which lies i n  the  Y4-Z; plane. The a i  distances  were obtained by 

e ray t race  procedure, assuming a .6-inch radius spher ica l  f ron t  lens  surface.  

Figure 31 shows a plan view of the  locat ions of the  nine ray-traced de tec tor  

lenses relative t o  the  s p e c t r a l  image surface.  

s p e c t r a l  l i n e s  created by the  s p e c t r a l  images of po in ts  B 1 ,  B2, C1 ,  and C2. 

It a l so  shows the  de tec tor  lens  reference l i n e  upon which the apexes of the  

f ron t  lens  sur face  of a l l  de tec tor  lenses should l i e .  The a '  coordinates of 

t h i s  detector  lens  reference l i n e  are given i n  Table 39 i n  t he  column headed 

This p l o t  shows, a l so ,  the 

5 

2 ,  DETECTOR LOCATION 

In ray  t rac ing  each family of 25 rays from one of the f i v e  s t a r t i n g  points  on 
the  grat ing,  t he  computer automatically moves the  Y' -Z '  plane which supports 

the de tec tor  along the  Xi axis u n t i l  a bes t  focus i s  found. 

a best-focus in t h i s  case is when the  sum of the  least square (Y;* 4- Z;*) about 

the combined Y;, Z '  centroid is a minimum fo r  a l l  25 rays.  This gives an image 

which is approximately the minimum circle of confusion, 

5 5  
The c r i t e r i a n  f o r  

5 

The upper ha l f  of Tables 40 through 48 descr ibe the cha rac t e r i s t i c s  of the f i v e  

images on each of t he  nine d i f f e ren t  de tec tors  analyzed. Each of these Tables 

has the  same format, but represents  a d i f f e r e n t  W value and r e su l t an t  s p e c t r a l  

image surface locat ion.  

f o r  a bes t  focus f o r  each of  the  five s / tar t ing points  on the  gra t ing  G 1 ,  62, 63, 

G4, and G 5 .  

nine W values,  i t  is  seen t h a t  each of the  f i v e  image points  requi res  d i f f e r e n t  

l ens  thicknesses.  

.OM inch f o r  t h e  G 1 ,  G2, G3,  and 64 s t a r t i n g  points  a t  a l l  W values.  

(center point)  requi res  a longer lens  than the  other  four points .  However, i t s  

image i s  w e l l  i n s ide  the  de tec tor  boundaries and i t s  focus i s  of  no importance. 

The a '  column gives the required thickness of the  lens  5 

Studying the  a; values f o r  a l l  five s t a r t i n g  poin ts  and fo r  a l l  

However, t he  lens  thickness does not d i f f e r  more than 

The G5 

-89- 



I 
I 

I 



Table 40. Diffraction Grating Image Characteristics on Emersed Detector, 

W = .777, x - 3.7 p for 2310 L/MM Grating 

-0007 0004 

Average a' for G1, G2, G3, and G4 = -,7884 5 
Figure 32 is a composite spot diagram for this'Table. 

Nominal value for a' used in composite spot diagram = -.789. 5 
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Table 411, Diffraction Grating Image Characteristics on Emersed Detector, 
W - ,840, A = 4.0 p for 210 L 

*; 
Automatic 

Focus 

I G1 I -.7890 

. 0039 , 0017 ,0016 , 0003 . 0007 , 0004 
* 

Average a' for G1, G2, 63, 64 = -.7888 

Figure 33 is a composite spot diagram for this Table, 

Nominal value for a; used in composite spot diagram = -.789 

5 
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Table 42 .  Diffraction Grating Image Characteristics on Emersed Detector, 
W 6 ,882, h 6 4.2 p for 210 L/MM Grating 

.0033 .0023 - .0272 .0018 .0010 

Average a; for G1, G2, G3, and G4 

Figure 34 is a composite spot diagram for this Table. 

Nominal value for a; used in composite spot diagram = 0.789. 

- .7891 
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Table 43 .  Diffraction Grating Image Characteristics on Emersed Detector, 
W = .903, X - 4.3 p for 210 L/MM Grating 

I a; I Centroid 
Starting I Points 

Average a' for GI, G2, 63, and G4 -,7892 

Figure 35 is a composite spot diagram for this Table. 

Nominal value for a; used in composite spot diagram = 

5 

.. ,789 , 
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Table 44, Diffraction Grating Image Characteristics on Emersed Detector, 
W = .924, A - 4.4 p €or 210 L/MM Grating 

Average a'  for G1, G2, G3, and G4 - -.7893 

Figure 36 is a composite spot diagram for this Table, 

Nominal value for a; used in composite spot diagram = - , 7 8 9 .  

5 
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Table 45,  Diffraction Grating Image Characteristics on Emersed Detector, 

W = .945, A = 4.5 p for 210 L/MM Grating 

Average a; for G1, 62, G3, and G4 = - ,7894 
Figure 37 is a composite spot diagram for this Table. 

Nominal value for a; used in composite spot diagram 9.789. 
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Tabla 4 6 ,  Diffraction Grating Image Characteristics on Emersed Detector, 
W - 1,050, h = 5.0 p for 210 LIMM Grating 

-,0045 

Centroid 80% *; tar tin8 
Pointr 

Aut m8 t i c  Y; AY; AY; e rating On Focus 

.0009 ,0005 

0,0233 I ,0033 I ,0023 I 
I G2 

I ,0323 I ,0038 I ,0028 

Average a' for Gl, 62, G3, and G4 

Figure 38 i s  a composite spot diagram fox this Table. 

-.789% 5 

kentroid 1 I 80% I 
I 

0 ,0288 I ,0018 I ,0008 

Nominal value for ai used in composite spot diagram - -,790, 



Table 47 e Diffraction Grating Image Characteristics on Emersed Detector, 
W *: 1.155, h - 5.5 for 210 L/MM Grating 

ltarting I a; I Centroid 
Pointr 

- .0232 I 
63 - ,7879 .0250 

G4 - ,7902 .0320 

G5 - , 7942 . 0038 
J 

11111 

, 0033 

. 002 7 

. 0034 

.0037 

.0017 

80% I Centroid 
au; I z; 

.0023 I - .0287 
,0019 I .0113 

. 002 3 - ,0267 + .0027 ,0124 

,0012 - ,0070 

Average a' for Gl, G2, G3, and G4 -,7904 

Figure 39 is a composite spot diagram for this  Table. 
5 

AZ; 

,0018 

.0011 

80% 

AZ; 

. 0008 
,0007 

.0021 .0011 

.0013 .0010 

.0009 .0006 

Nominal value for a; used in composite spot diagram - -,790. 
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Table 48. Diffraction Grating Image Characteristics on Emessed Detector, 
W = 1,260, h = 6.0 for 210 L/MM Grating 

1 G2 
I 9,7935 

I G3 I -.7873 

I "  I 9.7897 

Centroid 

y; 

- ,0154 
,02320 

,0307 

,0036 

80% Centroid 

AY AY; AZ; 

0.0273 

,0033 ,0025 .0036 

, 002 6 

,0016 

- .0244 

, 0053 

- .0095 

e 002 7 

,0020 

,0015 

80% 

AZ; 

.00fl 

.0010 

,0014 

,0015 

.0010 

Average a' for G1, G2, G3, and 64 5 -,7896 

Figure 40 is a composite spot diagram for this Table, 

Nominal value for a; used in composite spot diagram 

5 

-.790, 
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I n  designing the  lens thickness ,  the  back sur face  of each de tec tor  lens could 

be given a s l a n t i n g  sur face  which matches the  required lens thickness a t  the 

respect ive G1 ,  G2, 63, and G4 images on the  de tec tor .  

t i c a l  so lu t ion  i s  t o  use a back sur face  which is  perpendicular t o  the o p t i c a l  

ax is  of the  de t ec to r  lens with a lens  thickness equal t o  the  average of G 1 ,  G2, 

G3, and G4 values.  

However, the  more prac- 

A second ray t r a c e  was then performed f o r  the  same nine W values.  Instead of 

using the  automatic focus f o r  the  (Xi, Y;, Z;) axis  system, a; was set equal 

t o  .789 inch f o r  s ixW values and equal t o  .790 for  the  other  th ree  W values,  

as shown i n  Tables 40 through 48. 

good average value f o r  the a; value f o r  each de tec tor  lens.  

The lens thicknesses represent  a f a i r l y  

Figures 32 through 40 are composite spot  diagrams for  the  f i v e  image poin ts  on 

the  Y;-Z; plane for  f ixed a; values f o r  a l l  nine W values.  

cons is t s  of 25 rays:  

f o r  the  Y; and 2; hal fyaxis  lengths.  

de tec tors  f o r  the  6.0 p end of the  s p e c t r a l  image sur face  should be narrower 

than those used a t  the  3.7 p end. 

g ra t ing  images which a r e  represented by the  corner images t o  maximize 

r ad ian t  s e n s i t i v i t y  and minimize s t r a y  l i g h t .  

Each point  image 

A l l  p l o t s  have the same s c a l e  f a c t o r  which is  .030 inch 

These p l o t s  r e a d i l y  show t h a t  the  

The de tec tor  areas  should match these 

Figures 41  through 45 a r e  expanded s c a l e  p l o t s  of G 1 ,  62,  63, G4, and G5 f o r  

t h e  4.3 p detec tor .  

system was moved t o  correspond to cent ro id  Y; and centroid Z; coordinates 

l i s t e d  i n  Table 43 for  4.3 p. These images are thus expanded about t h e i r  

t r u e  centroids .  

t he  Y: and Z: hal f -ax is  length,  

For each of these,  t h e  o r ig in  of the  (Xi, Y;, Z;;’ axis  

A l l  f i v e  of these p l o t s  have the  same sca l e ,  io025 inch f o r  

These images look s t range  u n t i l  it i s  rea l ized  
-I 2 

t h a t  the aper ture  s top  for  

f o r  4.3 p, which is  a very 

of points .  I n  width, f i v e  

f i v e  points  spread over .6 

the  de tec tor  lens i s  . l- inch wide  by .6-inch t a l l  

narrow rec tangle  on which t o  spread a 5 x 5 a r ray  

poin ts  f a l l  within .1 inch. 

inch. 

However, i n  height ,  

So the  spread of the  array i s  s i x  times 

g rea t e r  v e r t i c a l l y  than hor izonta l ly .  
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRRTING OFFSET, .777 2-9-70 
y5 A= 3.7 p 

i h F FlXIS LENGTH 0.040 i 
Y HRLF RXIS LENGTH 0.040 Y 

%- G5 
.... 
c 

*5 

G2 

MFlX MIN 
= 0.031 -0.027 SURFFlCE NCI. 
= 0.033 -0.024 5 

Figure 32. 25-Ray Spot Images of the Center 
and Four Corners o f  the Diffraction 
Grating Formed on the Detector 

(A-3.7 p.) 
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SINGLE DETECTOR LENS--N I MS, . 1 X .6 SLIT , 26 DEGREE GRFlT I NG OFFSET , .8UO 2-9-70 

a .. G3 -. 

0' G 3 c 
-t 

z HFlLF FlXIS LENGTH 0.0110 z 
Y HRLF FlXlS LENGTH 0.040 Y 

d 

G5 - *5 

MFlX MIN 
= 0.028 -0.028 SURFF 
= 0.0311 -0.025 

Figure 33.  25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

(x=4.0 11) 

E l  
5 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGAEE GRRTING OFFSET, .882 2-9-70 

a 
-a 

-.. G3 

z HRLF R X I S  LENGTH 0.040 z 
Y HRLF R X I S  LENGTH 0.040 Y 

A = 4.2 p 

G2 
1. 
c 

MRX MIN 
= 0.027 -0.028 SURFRCE NO. 
= 0.034 -0.025 5 

Figure 3 4 .  25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

(h4.2 p.1 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRFITING OFFSET, .903 2-9-70 

* =s 

MRX MI N 
= 0.026 -0.028 SURFFICE NO. 
= 0.034 -0.025 5 

." 

.I 

z HALF A X I S  LENGTH 0.OW z 
Y HALF A X I S  LENGTH 0.040 Y 

x = 4.3 

Figure 35. 25-Ray Spot Images of tRe Center 
and Four Corners of the Diffractior 
Grating Formed on the Detector 

( h 4 . 3  IL) 
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SINGLE OETECTOA LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRATING OFFSET, .Q24 2-9-70 

It .". 
1 

z HALF RXIS LENGTH 0.0110 z 
Y HALF AXIS LENGTH 0.0110 Y 

G5 

* *5 

MAX MIN 
= 0.025 -0.029 SURFACE NO. 
= 0.034 -0.025 5 

Figure 36. 25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

( X 4 . 4  cr) 



5 INGLE DETECTOR LENS--N I MS , . 1 X .6 SLIT , 26 DEGREE GRFlT I NG OFFSET, -9115 2-9-70 

y5 

G3 

7 
I 

.rc 

I HFlLF R X l S  LENGTH 0.040 z 
Y HFILF FlXIS LENGTH 0.040 Y 

i.: 4.5 p 

G4 

G5 

.. s = 5  

: 
L 
4 

G2 

MFlX MIN 
= 0.024 -0.029 SURFFlCE NCJ. 
= 0.031 -0.025 5 

Figure 37. 25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

0 4 - 4 . 5  
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRFlTING OFFSET, 1.050 2-9-70 

G3 ? 

-. 

Z HRLF R X I S  LENGTH 0.040 z 
Y HALF FlXIS LENGTH O.OU0 Y 

6 2  

MFlX MIN 
= 0.019 -0.029 SUAFRCE NO. 
= 0.03U -0.025 5 

Figure 38. 25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

(h~5.0 p) 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRFITING OFFSET. 1.155 2-9-70 

3 G3 -. 

C. "... 
-... 

G5 

Z HRLF FlXIS LENGTH 0.0110 z 
Y HALF FlXIS LENGTH O.OU0 Y 

a 
I 
4 0- 

G4 

T ..." 
*.. - 

MFlX MIN 
= 0.013 -0.029 
= 0.034 -0.025 

G2 

SURFRCE NO. 
5 

Figure 39. 25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

(he5.5 l.l) 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRRTING OFFSET, 1.260 2-9-70 

G3 
i? 
.... 

GS 
..... 

...C . 
b ..... 

... 
G1 3 

Z HRLF R X I S  LENGTH 0.0110 z 
Y HRLF R X I S  LENGTH 0,0110 Y 

i &= 6.0 p 

CI ..... 
clr ..... 4 

.-. 

*5 

.%.a. 

..I..; G2 
..... 

MRX MIN 
= 0.006 -0.028 SURFRCE NO. 
= 0.033 -0.021.1 5 

Figure 40. 25-Ray Spot Images of the Center 
and Four Corners of the Diffraction 
Grating Formed on the Detector 

(Am6.0 p) 
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% 

-1. 

+++ +-+ 

+ + +  + 
+ 
+++ 

MAX MIN 
z HRLF R X I S  LENGTH 0.0025 Z = 0.001 -0.001 SURFACE NO. 
Y HRLF F lX IS LENGTH 0.0025 Y = 0.002 -0.001 5 

4.w 
I 

+ 
+ 

+ 
++ 

++ 

- *5 

-j- 

+ 

Figure 41. Expanded 25-Ray Spot Image for G1 Starting 
Point on Diffraction Grating 
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SINGLE DETECTOR LENS--NIMS, ,1X.6 SLIT, 26 DEGREE GRflTING OFFSET, .903 2-9-70 

+ 
+ + +  

+ +  

+ 

i 
+ +  

z HRLF f l X I S  LENGTH 0.0025 Z 
Y HRLF FIXIS LENGTH 0.0025 Y 

#- + +  

- *5 

+ + +  

+ + 

MRX MIN 
= 0.001 -0.001 SURFRCE NO. 
= 0.002 -0.002 5 

Figure 42. Expanded 25-Ray Image for 62 Starting 
Point on Diffraction Grating 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRFlTING OFFSET, .go3 2-9-70 
YlS 4.3 p 

+++ + . 

+ 
+++ *Ai 

1 

z HRLF R X I S  LENGTH 0.0025 I 
Y HRLF RXIS LENGTH 0.0025 Y 

c 

- *s 

+ + +  
+ 

+ 

MFlX MIN 
= 0.001 -0.001 SUAFRCE NO. 
= 0.001 -0.002 5 

Figure 43. Expanded 25-Ray Spot Image for 63 Starting 
Point on Diffraction Grating 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRFlTING OFFSET, .903 2-9-70 
4.3 +A % 

iJ 

++ 

++* + + +  

++++ 

MRX MIN 
Z HFlLF FlXIS LENGTH 0,0025 Z = 0.001 -0.001 SURFFlCE NU. 
Y HRLF FlXIS LENGTH 0.0025 Y = 0.002 -0.002 5 

+ 

+ +  + 
+ 

+ 

Figure 4 4 .  Expanded 25-Ray Image for 64 Starting 
Point on Diffraction Grating 

*5 

+ + 
++ 
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SINGLE DETECTOR LENS--NIMS, .1X.6 SLIT, 26 DEGREE GRATING OFFSET, .903 2-9-70 
4.3 p 

+ +  

++ 

+ +  

+ +  
+ +  

z HALF A X I S  LENGTH 0.0025 Z 
Y HALF A X I S  LENGTH 0.0025 Y 

+ +  
'++ 

+ +  - *s 

+ +  
+ +  

MFlX MIN 
= 0.001 -0.001 SURfFlCE NO. 
= 0.002 -0.002 5 

Figure 45.  Expanded' 25-Ray Spot Image for GS Starting 
Point on Diffraction Grating 
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SECTION 5 

TELESCOPE AND SCAN MIRROR 

The proposed Nimbus experiment requi res  a refle tive-typ t l e  cope f approx- 

imately lO-inch foca l  length which uses a minimum number of mirror  surfaces .  

The telescope is  located before the  entrance s l i ts ,  and it images the  e a r t h  on 

the  two entrance sl i ts .  

s l i t  images onto the  ear th .  

long dimensions as near ly  perpendicular t o  the  Nimbus o r b i t a l  path as possible .  

A scan mirror  i s  t o  be located i n  f r o n t  of the  telescope which scans the  e a r t h  

a t  r i g h t  angles t o  the  Nimbus o r b i t  through an angular range of 222'. The scan 

mirror  must a l s o  be ab le  t o  r o t a t e  t o  an angular loca t ion  which gives the  t e l e -  

scope a view of space. 

Conversely, t h e  te lescope p ro jec t s  the  two entrance- 

These s l i t  images on the e a r t h  must have t h e i r  

The ove ra l l  length of t he  monochromator from the  entrance s l i t  t o  the col l imat ing 

mirror  is 10 inches. 

thickness  and the  p ro tec t ive  cover. 

spectrometer length e x i s t s  i n  f r o n t  of the entrance s l i t  i f  the  ove ra l l  spec- 

trometer is t o  be no longer than 15 inches. This a l s o  means the  10-inch foca l  

length te lescope must be o p t i c a l l y  folded by an aux i l l a ry  mirror.  

Another inch should be allowed for  the  col l imat ing mirror  

This means t h a t  only 4 inches of usable 

The two entrance s l i t s  a r e  t i l t e d  roughly 15' from the  p o s i t i v e  Yo-axis along 

both the  pos i t i ve  Xo-axis and the pos i t i ve  2 -axis  (Figure 8). 

paraboloid telescope t o  produce a bes t  possible  image for  these two t i l t e d  

entrance s l i ts ,  i t  is necessary f o r  t he  o p t i c a l  ax i s  of t he  paraboloid mirror 

t o  both pass through o r  near t he  o r i g i n  of the  (Xo, Yo, Zo) ax is  system, and be 

perpendicular to t he  bes t  f i t t i n g  plane f o r  the  two entrance s l i t s .  This means 

the  o p t i c a l  ax is  of the parabol ic  mirror  deviates  15' from the  pos i t i ve  X -axis  

toward both the  negative Yo-axis and the  negative Zo-axis. 

For a s i n g l e  
0 

0 
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This type of te lescope,  however, does not  work f o r  t h i s  spectrometer, s ince  an 

a u x i l l a r y  mirror located i n  f r o n t  of the  entrance s l i t  must r e f l e c t  t he  mono- 

chr&ator input  o p t i c a l  ax i s  toward the  pos i t i ve  Zo and negative Yo s i d e  of the  

entrance s l i ts .  This is  the  proper loca t ion  f o r  an i d e a l  15" x 15" o f f s e t  

paraboloid. The ray cross-sect ions which are accepted by the  monochromator a r e  

roughly 3.5 inches square a t  t h e  parabol ic  telescope mirror  10 inches from the 

entrance s l i t ,  and the re  would be no room on the  p o s i t i v e  Zo s i d e  of the  mono- 

chromator. 

t he  rays t r a v e l i n g  between the paraboloid telescope mirror and the aux t l l a ry  

mirror  by the  entrance sl i ts .  

Fur ther ,  a 15" o f f s e t  is  not  near ly  enough t o  prevent v igne t t ing  of 

Since the  bes t  te lescope imaging system does not work, it then becomes necessary 

t o  f ind  the  most p r a c t i c a l  telescope system. 

design t h a t  has been found most p r a c t i c a l  a f t e r  considerable inves t iga t ion  is  

shown i n  Figure 46 and defined i n  Table 49, and i ts  dimensional parameters a re  

defined i n  Table 50. 

The axis  system f o r  the telescope 

Figure  46 gives 'only a plan view, s ince  a l l  the  XI'-axes are i n  the same plane 

with the  exception of t he  X i  axis. 
between the  paraboloid te lescope mirror  and the  aux i l l a ry  mirror by the  entrance 

s l i ts  and the  gra t ing ,  it was  necessary t o  o f f s e t  the  paraboloid te lescope op t i -  
cal axis 370 from the monochromator entrance ax is .  Further ,  t h i s  o f f s e t  is on 

t h e  poorest  s i d e  of the  entrance sl i t  f a r  image qua l i ty .  However, t he  angular 

aber ra t ions  f o r  t he  37' o f f s e t  te lescope a r e  only s l i g h t l y  l a rge r  than for  the  

more i d e a l  15" x 15" o f f s e t  telescope. 

To prevent v igne t t ing  of rays t r ave l ing  

The same 100-ray fami l ies  from t h e  same s ix t een  s t a r t i n g  points  on the  two 

entrance s l i t s  t h a t  were used t o  ray- t race  the  monochromator were again used 

t o  ray- t race  the  te lescope by multiplying a l l  ray d i r ec t ion  cosines by -1.0. 

This d i r e c t s  a l l  the  rays toward the  te lescope r a the r  than the monochromator. 

The entrance s l i t  images have not been ray-traced t o  the  ea r th ,  but r a t h e r  the  

ray  t r ace  gives the  angular o r i en ta t ion  of each ray  r e l a t i v e  t o  the  (Xi, Yi, Z i )  
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Table 49. Defin i t ions  f o r  t h e  heir System Used t o  Ray-Trace 
the  Telescope System 

This axis system i s  i d e n t i c a l  t o  the  (h, Yo, Zo) ax i s  system 
f o r  the  monochromator, i n  which the  two entrance s l i ts  a r e  
defined . 
The o r i g i n  of  t h i s  ax is  system is located a t  Yg = -.1 inch. 
This sets the  remainder of t he  te lescope ax is  systems a t  the  
he ight  of the  t r u e  vertical center  of the  two entrance sl i ts .  

The o r i g i n  of t h i s  axis system is  on the  negative X"-axis, 
and the  r e f l e c t i v e  a u x i l l a r y  mirror sur face  i s  i n  t i e YY-2; 
plane. 
from t h e  Pi axis i n  the  X5-25 plane. 

The o r i g i n  of t h i s  ax i s  system is  the  same as  the  (X5, Y2, Z!) 
ax i s  system, and it i s  used as a mathematical a id .  

The q - a x i s  has been ro ta ted  through the  a n g l e a y  

This ax i s  system is  i d e n t i c a l  t o  the  (Xi, Yy, Zy) ax i s  system, 
and the  YX-28 plane i s  used t o  show where those rays t r ave l ing  
between the  paraboloid te lescope mirror and the  aux i l l a ry  
mirror  pass ,  r e l a t i v e  t o  the  two entrance s l i t s .  

The o r i g i n  of t h i s  ax i s  system i s  the  same as  the  (Xy, Y$, Z$) 
ax i s  system. However, a! 2 Cyt t  2. This ax i s  system i s  a 
mathematical a id .  

The o r i g i n  of t h i s  ax i s  system i s  a t  the  focus of the  para- 
boloid te lescope mirror ,  and the  XE-axis is  p a r a l l e l  t o  the  
X:-axis and the  Xy-axis. 

The o r i g i n  of t h i s  ax i s  system is  a t  the  apex of the  para- 
boloid mirror ,  and the  focus of the  paraboloid i s  on the  
negative X;'-axis. 

This ax i s  system i s  i d e n t i c a l  t o  the  ( X i ,  Yi, Zi) ax i s  system. 
It i s  used t o  show the  loca t ions  of the rays from the e a r t h  
t r ave l ing  t o  the paraboloid te lescope mirror ,  r e l a t i v e  t o  the  
entrance s l i t  . 
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Table 50. Dimensional Parameter for Telescope System 

7 Subscript 

3 .O 0 0 0 0 0  

- 3.0 0 0 -37.0' 0 0 

- 3.0 0 0 37.0' 0 0 

10 .o 0 0 0 0 0  

- 4.604 0 -1.805 0 0 0  
I 
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axis system by th ree  d i r e c t i o n  cosines .  

2' of the  Xi-axis, the  Yo component d i r e c t i o n  cosine,  Eta ,  and the  2" component 

d i r e c t i o n  cosine,  Zeta, a r e  s u b s t a n t i a l l y  equal numerically t o  t h e i r  respec t ive  

angular o f f s e t s  i n  radians.  

Since a l l  t he  e a r t h  rays a r e  within 

8 8 

Figure 47 is  a composite spot  diagram of t h e  angular f i e l d  image of the  two 

entrance sl i ts ,  as projected by the te lescope system. 

of 100-ray spot  images, which represent  the  s ix t een  s t a r t i n g  poin ts  B l  through 

E4 on the  two entrance slits. 

.030 radians.  Table 51 l ists  the  angular image c h a r a c t e r i s t i c s  for  t he  outer  

e igh t  images which represent  s t a r t i n g  poin ts  B1,  B2, B3, B4, E l ,  E2, E3, and E4. 

These a r e  s ix t een  groups 

The length of the  Eta  and Zeta half-axes are each 

Figures 48 through 55 a r e  expanded p l o t s  of angular f i e l d  aberrat ions for  

s t a r t i n g  poin ts  B 1 ,  B2, B3,  B4, E l ,  E2, E3,  and E4. 

For each of these  expanded p l o t s ,  i t  w a s  necessary t o  change Q t l  and @ E  such 

t h a t  the X"-axis was p a r a l l e l  with the centroid Eta and centroid Zeta for  the 8 
p a r t i c u l a r  spot  image. So the  o r ig in  of these  p l o t  axes a re  the  centroids  of 

t he  pa t t e rns .  

8 

The ha l f -ax is  s ca l e s  f o r  Figures 48 through 55 a r e  .0025 radian. 

TeLESCOPE PARABOLOID MIRROR AND AUXILLARY MIRROR 

Opt ica l  schematics are shown i n  Drawings 1 and 2 f o r  the  Telescope Paraboloid 

and Auxil lary Mirrors as they a re  phys ica l ly  r e l a t ed  t o  the  monochromator. 

Boundary rays f o r  two entrance s l i t  s t a r t i n g  poin ts ,  B 1  and E4, a r e  accurately 

shown as determined by computer ray t r aces .  

shown are the t r u e  boundary rays f o r  the  te lescope and show the-used areas  of 

bo th 'of  these  mirrors .  

These boundary rays which a r e  

Figure 56 a l s o  shows i n  g rea t e r  d e t a i l  t he  o p t i c a l l y  used area on the  face of 

t h e  paraboloid te lescope mirror .  

po in ts  B1,  B4, E l ,  and E4 a r e  shown projected on the  Y"-Z" plane. 

required paraboloid s e c t o r  i s  taken from a f u l l  paraboloid mirror ,  then the  

diameter of t h a t  paraboloid mirror must be s l i g h t l y  grea te r  than 14 inches. 

The boundary areas  represented by s t a r t i n g  

I f  the  7 7  
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Figure 47. Telescope Angular Field-of-View-- 
Sixteen 100-Ray Angular Images for 
the Sixteen Starting Points on the 
Two Entrance S l i t s .  

- 12 1- 



-
6
.
 a, 

L
 

$
2
 2 i
 



NIfl TELEXWE - PflM6ULOIU 10 INCH FL. 37x00 OEGRE€ OFFSET 12-30-69 
ETR 

+ +  
+ + +  

+ + + +  
+ + + + +  

8 
ZETR 

+ +  

A l l  Dimensions In Radlmr 

tJIw flIN 
ZETR HALF RXIS LENGTH 0.002 ZETR - 0.wIu -0.003 suRFFI# No. 
ETR HRLF RXlS LENGTH 0.002 ETR * 0.003 -0.W 8 

+ 

Figure 48. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
B1 on the Main Entrance Slit. 
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Figure 49. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
B2 on the Main Entrance Slit. 
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Figure 50. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
B3 on the Main Entrance Slit. 
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Figure 51. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
B4 on the Main Entrance Slit. 
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Figure 52. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
El on the Second Entrance Slit. 
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Figure 53. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
E2 on the Second Entrance Slit. 
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Figure 54. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
E3 on the Second Entrance Slit. 
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Figure 55. Telescope Angular Field-of-View--Expanded 
100-Ray Angular Image for Starting Point 
E4 on the Second Entrance Slit. 
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Figure 56 .  Optically Used Area on Paraboloid Telescope Mirror 

-131- 



SCAN MIRROR LOCATION 

The scan mirror must be located i n  t h a t  volume of the spectrometer which is 
f u l l y  within the  te lescope 's  field-of-view. 

located s u f f i c i e n t l y  f a r  forward of the  Yi-Z; plane t h a t  it doesn't v ignet te  

the rays which t r a v e l  between the telescope paraboloid mirror and the auxi l la ry  

mirror.  

Further,  the  scan mirror must be 

The boundaries fo r  these l a t t e r  rays a re  shown c l ea r ly  i n  Drawing 1. 

Figure 57 demonstrates, however, t h a t  there  i s  only one p rac t i ca l  locat ion fo r  

the  ro t a t iona l  ax is  for  the  scan mirror;  and tha t  locat ion i s  as f a r  forward 

of the telescope paraboloid mirror as  is permitted by the  spectrometer housing. 

Figure 57 shows the telescope paraboloid mirror and i t s  field-of-view boundary 

ray  project ions on the Y"-Z" plane. 

i s  p a r a l l e l  t o  the 2"-axis and i s  located 4 inches forward of the Y"-Z" plane, 

and above a l l  of the field-of-view rays.  

Figure 57 shows the boundary rays for  four d i f f e ren t  spectrometer scan mirror 

angles,  , of 14', 34', 45', and 56'. 

The ro t a t iona l  axis  for  the scan mirror 7 7  

0 8 8  

These four scan mirror angles give 

respect ive spectrometer view angles,  , of 28', 68', go', and 112'. The 

spectrometer view angle needs t o  be as small as 28' i n  order for  the te le -  

scope t o  have a c l ea r  view of space, unaffected by the rad ia t ion  from the 

e a r t h  or i t s  atmosphere. 

6.5 inches i n  f ron t  of the paraboloid mirror for  the rays from the 28' view 

angle t o  c l ea r  the bottom edge of the paraboloid mirror (Figure 57). 

The axis  of the scan mirror must be a t  l ea s t  

Table 52 lists the length,  L, of scan mirror required fo r  each of the four scan 

angles. 
f o r  a view of space i n  f ron t  of the spectrometer r a the r  than behind it .  The 

spectrometer needs only one scan mirror angle fo r  a view of space, and it is  

preferable  t o  use the 28' view angle and a 3.6-inch long mirror area r a the r  

than the 152' view angle which uses a 14.5-inch long mirror area.  

The length,  L, i s  a l so  given for  a view angle of 152' which i s  necessary 

The scan mirror s t i l l  requi res  a length of a t  l e a s t  6.3 inches fo r  the  112' 

spectrometer view angle. The housing should not be made la rge  enough t o  
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Table 52. Length of Scan Mirror R @ q u ~ r e ~  for Mirror Spectrometer V i e w  
Angles 

Spectrometer 1 V i e w  Angle 

8 

Scan Mirror 
Scan Mirror 

Angle 

w I Requirement L 

14 O 

34 4.2 



enclose th i s  scan mirror for a l l  i ts  scan angles. 

be rotated into the f l i g h t  posit ion shown i n  Drawing 2 .  

spectrometer housing does not need t o  be lower than that required to  house the 

telescope paraboloid mirror. 

Rather, the scan mirror should 

In th i s  manner, the 
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SECTION 6 

FIXED FIELD DETECTORS 

The field-of-view areas of the  e a r t h  fo r  two monochromator entrance s l i t s  are 

long and narrow with aspect r a t i o s  of s i x  t o  one. 

a knowledge of t he  cloud pa t t e rns  wi th in  the  instantaneous fields-of-view of the  

entrance sl i ts .  

field-of-view images over an a r r ay  of four o r  f i v e  inf ra red  de tec tors  having a 

The Nimbus experiment requires  

This knowledge can be improved by dividing the  entrance s l i t  

4 p t o  5 p s p e c t r a l  band pass.  

One method of accomplishing such images i s  t o  use a beam s p l i t t e r  following the 

entrance s l i ts .  

f l u x  throbgh an aux i l l a ry  o p t i c a l  system and a 4 p t o  5 p spec t r a l  band pass 

f i l t e r  t o  an image of the  entrance s l i t  on an ar ray  of four o r  f i v e  de tec tors .  

The beam s p l i t t e r ,  however, reduces the  monochromator through-put and presents  

an addi t iona l  o p t i c a l  element which could degrade o r  reduce the  performance of 

a l l  the s p e c t r a l  image sur face  de tec tors .  

The beam s p l i t t e r  r e f l e c t s  a port ion of t he  monochromator input 

A second method of c rea t ing  a separa te  image of t he  i n t e r n a l  entrance s l i t s  i s  

t o  use a g rea t e r  numerical aper ture  than t h e  F/3 .5  aperture  of the monochromator 

f o r  t he  te lescope system. 

s l i t s  on the  four  or  f i v e  de tec tors  so as not  t o  d i s tu rb  the de tec tors  on the  

s p e c t r a l  image surface.  

i ca l  aper ture  requi res  subs t an t i a l ly  l a rge r  telescope mirrors.  

o p t i c s  are required in s ide  t h e  monochromator. 

Auxillary op t i c s  would be used t o  image the  entrance 

However, t o  c r e a t e  the  required zones of g rea t e r  numer- 
Also, added 

The simplest  and most p r a c t i c a l  method of accomplishing an e a r t h  image on a 

four  o r  f i v e  de tec tor  a r ray  corresponding t o  the  entrance s l i t ' s  fields-of-view 

is t o  mount t he  a r r ay  of de tec tors  d i r e c t l y  on the  entrance s l i t ' s  def ining 

s t r u c t u r e  so t h e  de tec tors  are adjacent t o  the  two entrance s l i t s .  
it There is a 
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.OS-inch spacing between the  two entrance s l i ts  providing an i d e a l  loca t ion  f o r  

the  de tec tor  a r ray .  

Figure 49 shows t h e  angular aber ra t ions  produced by the  telescope fo r  four  

poin ts  on t h e  in s ide  edges of t h e  two entrance sl i ts:  

D1,  D2, D3, and D4. 
between the  two entrance s l i ts  where t h e  de tec tors  may be mounted. 

de tec tors ,  however, can be covered with a 4 p t o  5 p s p e c t r a l  band pass coating. 

po in ts  C 1 ,  C2,  C3, C4, 

These angular aber ra t ions  are s t i l l  s l i g h t l y  smaller 

The 

The area viewed on t h e  e a r t h  by the  entrance s l i ts  and the  detector  array i s  

made iden t i ca l  f o r  each sampling period by time-phasing t h e  use of each entrance 

s l i t  and the  de t ec to r  a r r ay  relative t o  the satel l i te ' s  o r b i t a l  motion. 
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SECTION 7 

RADIATION COOLING SHIELD 

A r ad ia t ion  cooling sh ie ld  should be mounted t o  the  f r o n t  of the  spectrometer. 

A sh i e ld  which i s  capable of removing .66 watt of i n t e r n a l  heat  from both the  

chopper assembly located a t  the  entrance sl i ts  and the  de tec tors  on the  s p e c t r a l  

image surface,  and r a d i a t e  t h i s  heat  t o  space. 

e f f i c i e n t  enough t o  maintain the  de tec tor  temperatures a t  between 200' K and 

210' K, with long-term temperature va r i a t ions  of less than 51' K. 

The cooling sh ie ld  must be 

The r ad ia t ion  cooling sh ie ld  required has been designed and developed by 

Smith (8) f o r  t he  mul t ide tec tor  spectrometer designed f o r  the  Nimbus F experi-  

ment. This r ad ia t ion  cool ing sh ie ld  i s  i n  the  form of a truncated, four-sided 

prism with an open-end cross  sec t ion  of 9.4375 inches by 5.925 inches,  a closed- 

end cross  s e c t i o n  of 6.875 inches by 3.25 inches,  and a depth of 3.75 inches. 

The walls of  t h i s  cooling sh ie ld  a r e  multi layered, cons is t ing  of ,  i n  sequence 

from the  outs ide  face: 

coat ing,  cemented t o  a copper o r  aluminum conductive s t ruc tu re .  Super insu la t ion  

encloses a l l  p a r t s  of t h i s  s t r u c t u r e  except where i t  contacts  the  chopper and the  

de tec tors .  

a t h i n  quartz p l a t e  with a second surfaced mirror  

This sh i e ld  design is  d i r e c t l y  appl icable  t o  the f i n a l  spectrometer design which 

has been described i n  t h i s  repor t .  However, the  3.75-inch depth of t h a t  sh i e ld  

design would increase the  length of the  spectrometer t o  more than 17 inches,  

which is 2 inches greater than the  15-inch maximum length which has been the  

goal of  t h i s  study. 

Drawings 1 and 2 show a suggested shape for  the  outer  surfaces  of a r ad ia t ion  

cooling sh ie ld  which w i l l  f i t  wi th in  the  spec i f ied  spectrometer dimensions. 

is  assumed t h a t  construct ion d e t a i l s  of t h i s  sh i e ld  would follow Smith's (8) 

design. 

It 

N o  thermal ana lys i s  has been performed f o r  t h i s  suggested sh ie ld  design. 
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Two criteria have been followed i n  developing t h i s  design: 

1. The cross  sec t iona l  a r ea  of t he  f r o n t  opening of t h i s  sh i e ld  has 

been maximized f o r  the  g r e a t e s t  housing dimensions permitted by 

the  spec i f i ca t ions .  

2, The angular o r i en ta t ion  of the  four faces  a r e  perpendicular t o  those 

smallest incident  angles (measure about the  Xo-axis of the  monochrom- 

a to r )  f o r  e a r t h  and s o l a r  r ad ia t ion .  The lower face  dnd the  two s ide  

faces of the  cooling sh ie ld  have angles of 30' r e l a t i v e  t o  the  

X -axis .  These four 

angles prevent double specular  r e f l e c t i o n  between any two faces 
of the  cooling sh ie ld  for  d i r e c t  e a r t h  or so l a r  rays .  

and s o l a r  rays which are specular ly  r e f l ec t ed  a r e  i n  tu rn  r e f l ec t ed  

d i r e c t l y  t o  space. 

The upper face  i s  a t  60' t o  t he  Xo-axis. 
0 

The e a r t h  

The d is tance  of t he  de tec tors  from the  f ron t  of the  spectrometer vary by 

1.75 inches (Drawing 1). Therefore, the  back of the cooling sh ie ld  has been 

posit ioned diagonally with respec t  t o  the  f r o n t  of the  spectrometer, so it  i s  

as near t o  a l l  t he  de tec tors  a s  possible .  

Drawing 1 shows the  suggested ove ra l l  spectrometer housing width of 10 inches, 

and the  open-end of the rad ian t  cooling sh ie ld  a l s o  has t h i s  10-inch width. 

Drawing 2 shows t h a t  the  back edge of the  cooling sh ie ld  is horizontal  with 

respect  t o  the  e a r t h  so t h a t  i t s  f u l l  width presents  the same angular or ien-  

t a t i o n  t o  the e a r t h ' s  rad ia t ion .  Drawing 2 a l s o  shows a suggested height for  

the  spectrometer housing with a caged scan mirror  which is  8.75 inches. Thus, 

the  top of the  r ad ia t ion  sh ie ld  can p ro jec t  4.25 inches above the  spectrometer 

housing and s t i l l  be within the  13-inch ove ra l l  maximum height  specif ied for  

the  spectrometer. 
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The height  f o r  t he  open end of the  cooling sh ie ld  va r i e s  from roughly 4.0 inches 

on one s i d e  of the  spectrometer t o  roughly 8 inches on the  o ther .  

cross  sec t iona l  a rea  of t h i s  cool ing sh ie ld  design i s ,  then 

The open-end 

2 in* -k 2 in* x 10 in. - 60 in.  

which i s  s l i g h t l y  g rea t e r  than the  open-end cross  sec t iona l  a rea  for  the  

design described by Smith ( 8 ) .  
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SECTION 8 

MXIOCHROMATOR ERROR ANALYSES 

The o p t i c a l  ray t r a c e  r e s u l t s  ti i ch  have been presented i n  t h i s  repor t  assume 

both pe r fec t  o p t i c a l  elements and pe r fec t '  placement within the spectrometer . 
The spectrometer which has been analyzed i n  t h i s  r epor t  i s  very complex, so i n  

construct ing it  every e f f o r t  should be made t o  reproduce the  entrance s l i t ,  

grat ing,  and col l imat ing mirror  dimensional parameters as accurately as 

possible .  

i n  t h i s  report .  

For only then w i l l  the  de tec tor  foreopt ics  be cor rec t ,  as defined 

The discussion which follows describes the  s p e c t r a l  image sur face  e r ro r s  which 

a r i s e  due t o  a s i n g l e  dimensional parameter e r ro r .  The dimensional parameters 

a r e  described by Figure 2 and Table 11. 

1. Entrance S l i t  Locational Accuracy 

The monochromator images the  two entrance s l i ts  on the  detector  lens 

a r ray  with roughly uni ty  magnification. 

moved .001 inch along the pos i t i ve  Xo-axis, then t h e i r  s p e c t r a l  images 

w i l l  move .001 inch along the  negative X -axis and the  negative Xi-axis 

of each de tec tor  lens.  

the pos i t i ve  Yo-axis r e s u l t s  i n  a .OOl-inch movement of a l l  t h e i r  spec t r a l  

images along the  negative Y5-axis and t h e  negative Y i  axes. 

Thus, i f  the  entrance s l i t s  a r e  

5 
A .OOl-inch movement of the entrance sl i ts  along 

Similar ly ,  a .OOl-inch movement of the  entrance s l i t s  along the  pos i t i ve  

-axis r e s u l t s  in a .JWl-inch movement of a l l  t h e i r  spec t r a l  images 
zO 

along the negative Z5-axis and the  negative 2;-axes. 
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2 .  

This one-to-one r ec ip roca l  r e l a t ionsh ip  for the  two entrance s l i t s  and 

t h e i r  s p e c t r a l  images can be used t o  cor rec t  the  combined e r r o r s  t h a t  

a r i s e  from imperfect pos i t ion ing  of the  gra t ing  and the  col l imat ing mirror .  

In  other  words, the  s u b s t r a t e  which def ines  the  entrance sl i ts  can be moved 

t o  co r rec t  the  alignment e r r o r s  of the  g ra t ing  and col l imat ing mirrors ,  i f  

these e r r o r s  a r e  reasonably small. 

Gratinp; Locational Accuracy 

The g ra t ing  loca t iona l  e r r o r  parameters which a f f e c t  the  s p e c t r a l  image 

loca t ion  not iceably are a2,  B2 ,  and Y 2 .  
c2 have neg l ig ib l e  e f f e c t s  on the  s p e c t r a l  image unless these values are 
g rea t e r  than .1 inch. Table 53 shows the  Ys and Z5 e r r o r s  a t  t he  3.7 p, 

4.3 u ,  and 6.0 p s p e c t r a l  images for th ree  d i f f e r e n t  e r r o r  angles f o r  

e a c h a 2 , P 2 ,  and y2. 
Figure 2 and Table 11 def ine  a 2 ,  #2, and y 2 .  

Locational parameters a2,  b2, and 

These e r r o r  angles a re  .OOlO, .Ole, and .lo. 

3. Collimatinp; Mirror Locational Accuracy 

Table 53 a l s o  shows the  Y5 and Z5 e r r o r s  a t  the  same three  s p e c t r a l  images 

f o r  a l a t e r a l  o f f s e t  of the  col l imat ing mirror  of .1 inch along the  Z1,4-axis; 

t h a t  is, c 

b 

- .1 inch, a corresponding r e s u l t  would be obtained f o r  
194 

= .1 inch, where the  r o l e s  of Y5 and Zs a r e  interchanged. 
194 

4.  Collimating Mirror Focal Length 

The r e s u l t a n t  s p e c t r a l  image e r r o r  f o r  a col l imat ing mirror foca l  length 

e r r o r  of .020 inch is s h m  i n  Table 54.  The col l imat ing mirror foca l  

length is  increased t o  10.020 inches,  and the  r e s u l t a n t  a5 ,  Centroid Y5, 
and Centroid Z 
and 6.0 v. 
10.040 inches . 

values a r e  given for  the s p e c t r a l  images a t  3.7 p, 4.3 p, 5 
This error can be p a r t l y  corrected f o r  by increasing a t o  
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Table 53. Axial Ray Error Analysis for Final Monochromator 

Description of Error 

(Zero Error) 

Cl,,+=.l; C2,5= .-.1 

0 minus @ 
m2=26 .001'; ff3m -26 .001' 

@ minus @* 
012=26.010; a3= -26.01' 

@ minus 0 
ff2=26 .lo; a3= -26 .lo 

@ minus @ 
62=.~~~0; p3= -.OOI~ 
@ minus @ 
8,=.01'; p3= -.0l0 
@ minus @ 
e,=.l'; p3- -.lo 
@ minus Q 
y2 I. 001 ' ; Y3= -.001' 

@ minus @ 
Y2=.01'; Y3= -.O1° 

@ minus @ 
Y2=.1'; Y3= -.lo 

@ minus @ 

.777 (3.7w) 

y5 

- .0028 
- .0020 
0008 

- .0028 
0 

- .0028 
0 

- .0026 
.0002 

- .0025 
.0003 

.0004 

.0032 

.0293 

.032 1 

- .0030 
- .0002 
- .ow2 
- ,0014 
- ,0167 
- .0139 

z5 

.9060 

1.1816 

.1956 

.9 064 

.0004 

.9094 

.0034 

.9399 

.0339 

.9060 

0 

.9057 

- .0003 
.9032 

- .0028 
.9060 

0 

.906 1 

.0001 

.9072 

.0012 

y5 - 
- .OW7 
.. .0049 
- .0002 
- .0047 

0 

- .0047 
0 

- .0048 
- .0001 
- .0044 
.0003 

- .0016 
.003 1 

.02 64 

.0311 

- .OM9 
- .0002 
- .0063 
- .0016 
- .0209 
I- .0162 

z5 - 
- .4959 
- .294'1 
.2018 

- .4956 
.0003 

- .4924 
.003 5 

- .4609 
.0350 

- .4959 
0 

- .4962 
- .0003 
- .4992 
- .0033 
- .4959 

0 

- .4957 
.0002 

- .4942 
.0017 

1.260 (6.011) 

y5 - 
.lo33 

.0982 

- ,0051 
.lo33 

0 

.lo3 1 

- .0002 
1014 

- .0019 
.lo36 

,0003 

.lo60 

.002 7 

.1304 

.0271 

.lo31 

- .0002 
,1009 

- .0024 
.0790 

- .0243 

z5 - 
-5.5809 

-5.3110 

.2699 

-5.5804 

.0005 

-5.5761 

.0048 

-5.5325 

.0484 

-5.5810 

- .0001 
-5.5816 

- .0007 
-5.5876 

- .0067 
-5.5809 

0 

-5.5803 

.0006 

-5.5750 

.0059 
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SECTION 9 

CONCLUSION 

The final design for an infrared Multidetector Spectrometer for the Nimbus "P'' 
experiment described in this report is capable of meeting all the requested 
performance specifications listed in Section 2.0, Final Performance Require- 
ments. In addition, the modification to the Multidetector Spectrometer will 
be housed within the requested overall dimensions. Drawings 1 and 2 which 
are located at the end of this section illustrate the overall spectrometer 
housing design. 
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